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ABSTRACT

An extensive series of experimental rocket motor test
firings has been conducted in a systematic manner to determine
the rate of pressure decrease which is required to just ex-
tinguish a burning solid propellant. The results of these
experimental tests have been used to determine the boundary
between extinction and non-extinction for each of several
propeliant formulations. These boundaries are presented in
terms of the iritial pressure derivative, (dp/dt)_, and the
initial chamber pressure, P,- °

In these experimental firings, extinction was said to
occur if, and when, the luminosity of the flame went to zero,
regardless of whether the propellant re-ignited later. Speci-
fic results of the experimental testing indicate that increas-
ing the oxidizer loading, cor decreasing the oxidizer particle
size, makes a propellant more difficult to extinguish. The ad-
dition of finely divided aluminum powder (at constant oxidizer
to fuel binder ratio) leaves the extinction characteristics of
a propellant nearly unchanged. In addition, our experimental
results have also shown tha% there is little difference between
the extinction characte. isti:s of propellants containing PBAA,
PBCT, or PU fuel binders, although other researchers have shown
that some binders can have a strong effect on propellant ex-
tinction characteristics.

A companion theory which describes extinction by depres-
surization of AP composite propellants is developed based on
the granular diffusion flame theory of steady state burning.
The theoretical model takes advantage of the short relaxation
time in the gas phase (compared to the characteristic times
of both the solid phase and the depressurization process it-
self) to make a quasi-steady approximation in the gas phase.
All other theories of non-steady burning in solid propellants
have likewise included a quasi-steady gas phase approximation,
but many have applied it incorrectly. The proper meaning of
“quasi-steady" in this situation is that the characteristic
reaction time in the gas phase has the same functional depend-
ence on pressure and temperature during a transient as during
a steady state. In our theory, we infer this functional form
from the granular diffusion flame theory. The GDF theory
allows us to include both the chemical reaction and the diffu-
sion characteristics of the flame in our theoretical model.
This description of the gas phase flame is then used as a
bcundary condition on the solid phase. The solid phase is
described by the one-dimensional non-steady Fourier heat con-
duction equation and is integrated numerically. The theoreti-
cal predictions were obtained by using the actual experimental
pressure-time curves as inputs to the above described th=o-
retical model. A predicted boundary between extinction and
ncn-extinction is determined for each propelliant formulation.
Generally speaking, these predicted boundaries are in good
quantitative agreement with the experimental results. The
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theoretical predictions indicate that although the diffusional
pProcesses are most important during steady state burning, the
chemical reaction processes are the important factors in de-
termining whether or not extinction will occur. It is also
shown both experimentally and theoretically that the shape of
the entire p-t curve is important in determining extinction,
but that the low pressure end is the most sensitive indicator
of extinction. Similarly, theoretical results have shown that
the shape of the complete steady state burning rate curve is
an important indication of the extinction characteristics of

a propellant, but again that the low pressure end is most sen-
sitive.

A brief study of double-base propellants concludes this
thiesis. Our experimental results indicate that double-base
propellants are considerzbly easier to extinguish than are
composite propellants. A rough model for the burning of
double~base propellants is presented based on the limited ex-
perimental evidence which is available on the structure of
double-base flames. Although the model is rather crude, it
is sufficiently realistic to indicate that a double-base pro-
pellant (because of its grossly different flame structure) is
easier to extinguish than is a composite propellant. Conse-
quently, these results for double-base propellant serve as a
further indication of the importance of the flame structure
in determining the extinguishment characteristics of solid
propellants.
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S ol Definition
A Proportionality constant in characteristic time for
chemical reaction:; dimensionless
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dimensionless
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diffusion; dimensionless
8 Proportionality constant used in steady state com-
parison with GDF burning rate formula (related to B),
dimensionless
‘;3Ci s Integration constants
b
Co Nozzle discharge coefficient; dimensionless
E Activation energy cal/mole
H (N> subscript) Non-dimensional surface heat release
for collapsed surface heat release model,
H (With subscript) Non-dimensional heat release
K Proportionality constant
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L. L. L Linear differential operators used in numerical
At At integration scheme
Loanx 2ens Non-dimensional length of dark zone
P Non--dimensional pressure,
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the flame
(With subscript) Dimensional heat of reaction, cal/g
Non-dimensional burning rate, r/rO

Guess value for R used in iterative calculation
scheme

Universal gas constant, cal/mole °k
Temperature, °K

Non-dimensional distance,

Non-dimensional space variable defined as 2 T-3
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Symbol

Definition

=% ¥ 3P

o+

1N

R

L.

A

al, 2‘

M

Constant in steady state burning rate equation
r=ap” . Also, constant in GDF steady state
burning rate equation !y = Qg t b/0%

Coefficient of MArrhenius term for surface pyrolysis
rate, Y=-a’e-%/RT7s

Constant in GDF steady state burning equation,
Ve = a/f + b/fy3

Specific heat at constant pressure in gas phase,
o
cal/g K

Specific heat in solid phase, cal/g °k
Exponent in pyrolysis law used in Ref. 43
Rate of mass flow per unit area, g/cmzsec

Pressure index in steady state burning rate equa-
tion,

Pressure, dyne/cm2

Propellant burning rate (surface regression rate),
cm/sec

Time, sec
Gas phase velocity, cm/sec
Distance perpendicular to burning surface of
propellant, cm
3 - 3 t
Thermal diffusivity, 2A/p2¢, cm /sec

Depressurization cpeed parameter for exponential
depressurizations, dimensionless

Dirac delta function. Also, a constant such that d<</
Chemical reaction progress variable (describes how
far the reaction has proceeded toward completion

in per cent)

Rate of product generation,

Thermal conductivity, cal/cm sec °K

(Numerical subscripts), constants used in numeri-
cal integration scheme

Microns (measurement of length), 1074 cm
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Definition

Non-dimensional temperature, 8=(7- Tes) /(T3,6=T )
Density, g/cm3

Function of pressure only, 5(9 , used in Ref. 43

Function of Pand R , shorthand notation for heat
flux from gas to solid

(Without subscript) Non-dimensional time,

Characteristic times for solid and gas, respec-
tively, sec

Non-dimensional characteristic times for various
processes as denoted by subscript

(with numerical subscript} Functions of space-
variable X used in numerical integration scheme

Non-dimensional characteristic time, related to
Tw , ?",-; , etc. above. For example ?;,,'*'C,,(%t ﬁ;fr)
A3 Cr py

Constant equal to area under impulse function
representing chemical reaction term

Constant :qual to height, Py &dis, of step func-
tion representing a diffusicon controlled flame
Subscripts

pertains to chemical reaction character of O/F flame
pertains to diffusional character of O/F flame

conditions inside or at end of flame. When used
with P, signifies final pressure

Fizz zone in double-base propellant

gas phase

propellant (solid phase)

pertains to overall O/F gas phase flame
conditions at the propellant surface

gas phase side of solid-gas interface
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AP
A/PA

GDF

KTSS

o/F

PBAA

PBCT
P

g

Definition

solid phase (propellant) side of solid-gas inter-
face

reference conditions at surface
steady state condition

reference condition

end of first stage (A/PA) flame in two-stage
flame model i

end of second stage (O/F) flame in two-stage
flame model

Superscripts

denotes steady state condition, or mean value
superscript related to time in discretized equa-

tions representing solid phase for numerical
integration.

Abbreviations

Ammonium perchlorate,

Ammcnia-perchloric acid (reaction between decom-
position products of AP)

Granular diffusion flame (model of steady state
burning)

Designation given to irstability theory presented
in Ref. 43

Oxidizer-fuel (refers to main combustion process
between oxidizer decomposition products and fuel
binder decomposition products)

Polybutadiene acrylic acid (fuel binder)

Polybutadiene, carboxyl terminated (fuel binder)

Polyurethane (fuel binder)
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SECTION I

INTRODUCTION

This thesis is concerned with the analysis, character-
izaticn, and understanding of the non-steady burning process
which is induced in solid propellants by the rapid venting of
the rocket combustion chamber. It is well-known that the
flame in a solid propellant rocket engine can be made to go
out by suddenly opening the chamber so that the pressure drops
to ambient in a few milliseconds. The extinguishment which
is induced by such a pressure drop is characterized by the
combustion chamber geometry, the chamber L* at the moment of
depressurization, the type of propellant, and various propel-
lant properties. Most important, it is the rate of pressure
decline, and the extent of the decline that determines whether
the flame will go out. The reasons for studying this depres-
surization process are of both an engineering and a scientific
nature.

The engineering aspects are concerned with the actual
application of the depressurization process to practical situa-
f tions. For example, successful stop-start operation of solid

propellant rocket motors requires some method of terminating
combustion rapidly on command, and this method must leave the
propellant grain in a condition of readiness for a new start.
Similarly, some method of combustion termination is necessary
to achieve thrust cut-off after a rocket has reached its de-
. sired velocity. Several methods can be used to "turn off" a
solid propellant rocket motor. For instance, thrust cut-off
3t the end of a mission can be achieved by allcowing the pro-
pellant to be compl=ztely consumed. Alternatively, foreign
liquids or gases can be sprayed into the combustion chamber
and onto the burning surface to cause a quench. Hcwever,
neither of these processes is desirable if the engine is to
be re-started. One method which is attractive for both stop-
3 start applications as well as for end-of-mission thrust cut-
off, is to use sudden depressurization to accomplish extin-
guishment.

Lana i) £

In addition to the engineering aspects of this research
program, equally important scientific aspects also exist.
The scientific aspects are concerned with using the depres-
surization process as a means to another end; namely to obtain
1 : further understanding of the combustion processes in a solid
propellant. The depressurization transient is somewhat unique
from a scientific viewpoint in that it will yield repeatable
experimental results with much less ambiguity and data scatter
than most other experiments that have been used to study non-
steady combustion phenomena. Because of the lack of scatter,
the results from an experimental depressurization program are
quite useful for testing the validity of a theory of non-steady
burrning. The only drawback is that a large number of experi-
mental depressurization firings must bhe made in order to have
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a sensitive test of a particular combustion model. Since the
proper analysis of the depressurization process requires de-
tailed knowledge of the steady state burning process, the
experimentul verification of the predictions of the depres-
surization analysis can serve to substantiate and extend our
knowledge of steady state burning of solid propellants as
well as non-steady burning.

With these two-fold purposes in mind, this thesis presents
both a theoretical model of the depressurization process and
the results of extensive experimental testing of the suscept-
ibility of various solid propellant formulations to extinguish-
ment by rapid depressurization. The experimental work is
aimed at determining how compositional and environmental con-
diticns can affect the extinguishment characteristics of a
soliu propellant. The companion theoretical model is based
on the granular diffusion flame model of steady state burning,
and the predictions which are obtained from this theory are
in quite good agreement with the experimental results. Such
agreement represents further justification for the steady
state flame model that was employed, as well as to justify
the form of the non-steady theory.

Finally, it should be noted, that after flame-out occurs,
the propellant will sometimes spontaneously re-ignite after
a period of several seconds and will continue to burn until
the entire supply of propellant has been consumed. Re-ignition
is generally caused by long exposure to very small heat sources.
Typical sources for re-ignition are radiation and conduction
from hot, inert parts inside the motor, as well as from the
residual hot gases in the chamber. Residual heat left in the
solid can also contribute to re-ignition by giving rise to
slow exothermic reactions. Whether re-ignition occurs, depends
on a competition between these weak heat sources, anc similarly
weak heat losses from the soiid. Althcigh a discussion and
brief analysis of the re-ignition process is included, this
thesis is primarily concerned with analyzing the so-called
"temporary" extinction behavior of solid propellants.
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SECTION I1

A CRITIQUE OF PREVIOUS STUDIES OF THE
DEPRESSURIZATION PROCESS

This section describes the previous experimental and
theoretical work which has heen done in the area of depres-
surization-induced extinguishment. The criticisms of the
previous theoretical analyses indicate the raasons for a
new approach and set the ground-work for the combustion
model which is described in Section III.

A. Review of Previous Experimental Work

A number of researchers have published experimental results

on extinction by rapid depressurization during the past few years.

Ciepluch(ll +3) was one of the first researchers to conduct a
systematic experimental study of the Cepressurization transient.
He presented his results in terms of the initial chamber pressure
decay rate (or the time required to reduce the chamber pressure
bv 50% of its original value) and the initial chamber pressure.
He was able to show that a critical decay rate existed such that
any depressurization which was faster than this critical rate
(measured in terms of the initial dp/dt) would extinguish,

while slower decays would result in continued bvrning. He found
that this critical decay rate increased linearly with the ini-
tial chamber pressure. He also found that aluminized propel-
lants are slightly harder to extinguish than non-gluminized

and thai in general the prcpellant composition has a substan-
tial effect on extinction. He further showed that propellant
re-ignition following extinction becomes increasingly less
likely as either the depressurization rate is increased or as
the nozzle back pressure is lowered.

The secona najor experimental work which has been pre- 4,5)
sented in the unclassified literature is the work by Jensen( =,
His results are quite extensive (more so than Ciepluch's) in
terms of the different fuel compositions tested. Both Jensen's
work and Ciepluch's work are referenced in connection with the
experimental results which are presented in this thesis.

Besides these two studies, a nuwber of less systematic
experimental stu?ies Lave been reported on the extinguishment
process. Ryan(6 has presented experimental results for a few
propellant formulations, but unfortunately his results are all
for Initial pressures of less than ten atmospheres. Horton
has reported a number of experimental depressurization tests,
but he has used so many variables (different propellant formu-
lations, different propellant orientations, 3different back
pressures, etc.), that it is difficult to deduce more than
generalized observations from his results. Similarly

Marxman (7.8) and cohen {9 have reported a small aT?unt of data
as have Von Elbe and McHale {10}, ~Reed, et. al. (1) nave

similarly presented the results of a few experimental tests,
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but their final chamber pressures were near or below the
lower deflagration limits of the propellants being tested.
Because of this it is impossible to determine whether the
extinguishment was due to the depressurization rate or due
to the lower deflagration limit. Other workers who have re-
ported soTe depressurization data iyclude Fletcher, et.al.
(12,13,14) ang Kling and Brulard (15 .

In the practica aipects of the depressurization testing,
Fletcher and Paulson (1) have discussed a particular nozzle
design which is appropriate for experimental testing of ex-
tinction characteristics of solid propellants. A second
approach to the area change has been given by Ciepluch(l).

The method discussed in this thesis differs from both of
these.

Practical application of experimental findings to actual
flight hardware naturally requires some compromises. One
such chzige is that the nozzle opening time becomes gquite
long. Kalt(17), Dubrow, et. al. 18) and coates, et. al.(19)
have discussed the problem where the rate of the area change
is important. This problem has not been considered in this
thesis. In fact the mcre general problem of the coupling
between the propellant, the chamber, and the nozzle has not
been considered either. The reasons are given later. In this
thesis the theoretical approach has been to use a specified
pressure-~-time curve to calculate the transient burning rate.
The coupling problem is straightforward (though admittedly it
is time consuming) and can bes used in conjunction with the
theoretical analysis presented herein.

Finally a paper by Slocum(zo) has discussed the possi-
bilities of using liquid extinguishants for solid propellants.
Experimenital testing along with considerations such as expense
and toxicity led him to conclude that water was the best po-
tential fluid to use for pr.ducing the guench. His experimental
results indicated that a large amount of fluid was needed
to produce ~1ench and that significant problems had to be over-
come before such a system would be reliable.

R. The Quasi-Steady Approximation

The experimental results which were discussed in the pre-
vious subsection show that depressurization times which are on
the order of a few milliseconds are necessary tc evtinguish a
solid propellant. Since the gas phase characteristic time is
much shorter than this (as indicated below), most theoretical
analyses of the depressurization process have used a quasi-
steady approximation in the gas phase. This has then relegated
all dynamic effects in the problem to the solid phase. A brief
analysis of the depressurization problem shows that this is an
appropriate simplification.
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The differential equatior. 1n the solid phase is given by

T - T 2T
5 x,,a—x-_,_ + kax (1)

where the coordinate system is chosen as fixed on the regress-
ing surface of the solid (see Section III). By non-dimen-
sionalizing this equation, we obtain a characteristic time
which describes the length of time which is required to alter
the temperature profi. : in the solid. This characteristic
time is “Tsolid = ®s/Y,® where Ya is the burning rate of
the propellant at some reference presgure. Typical values
for the parameters are Xe = .00029 in“/sec (taken from
reference 21) and Ye = .25 in/sec (see data in Section IV).
Hence the characteristic time for the establishment of a
temperature profile is

z;umo = .0003/(.25)2 sec ® 5 ms

The corresponding equation for the gas phase is

a7 T 27 Py
= xeq2- +ud! + Qs &/, 2

Jt dxr " oz s (2)
where dg/dt is the rate of the chemical reaction. Thus the
temperature profile in the gas phase is governed by the cor-
responding characteristic time

Xy Lo
= & T = 9 Fs
'Z;‘; a/uo op F;, 7;“10
and assuming the specific heats in the solid phase and gas
phase are abnut =qual we obtain

L 20
Zus = 3. 7 Lowso (3)
The ratio of th§ thermal conductivities is approximately,

A9/Ap =.5 (21) | A ncainal vg%?e for the density of the

solid phase is Pr = 1.59M/cc(22), angd for the gas phase
(assuming a perfect gas at a temperature of 3000°K and a
pressure of 1000 psia), A= .0075 9M/cc. Thus the ratio of

gas to solid phase density is £/ =.005. Finally we obtain

Upas = 25516 Zyuryyy or Tgar = 107 % sec. (4)

so that the gas phase does indeed relax much faster than the
solid phase.

One further characteristic time (which is related to this
one) is the time required for the gas phase reaction. References
23 and 24 have reported that the flame thickness is on the order
of 0.1 mm. Hence the characteristic time for the gas phase

A | TSR RAY o)




reaction is approximately given by

. A%4
Tsleme = ‘A%/u— = f24& C

(5)
-5
7}1amec:SXIo sec. Thus the characteristic time for the

gas phase reaction is the same order of magnitude as that for
the establishment of the temperature profile in the gas phase.

Finally, we can calculate a characteristic for the gas
phase flame from the reaction rate term, € . Later in the
thesis, two relations are given for € , one for diffusional
processes, and the other for chemical reaction processes.
(see equations 30, 33 and 34). The relations are

= L - %pf -
tew = @5, Q—’;é;.,* o 8x5? sec

and
. de— = fz 8% . 2.5« 1075
s = Ois  pqte
Where Q is the non-dimensional heat release in the flame
zone and is taken as about 3. These times are similar to the
other two gas phase times which were calculated above.

Recalling again that thco.ie depressurizations which lead
to extinction must occur in a few milliseconds, we see that
the quasi-steady gas phase approximatiocn is justifiable for
the typical depressur.zation problem, because the relaxation
time for the gas phase processes is much shorter than the
time which characterizes the depressurization process. Similar
conclusions have been reached by others

C. Some Incorrect Uses of the Quasi-Steady
Gas Phase Approximation

Although all the theoretical work which has been done to
date has made use of the quasi-steady gas phase approximation
in either an expressed or an implied manner, many of these
theories have applied the quasi-ste-< ' approximation §g$or-
rectly. A 1oQ§6§er1es of workels ding Von %}be(
Paul, 53 , Horton (27), wal Ryan( Brown,
et.alf ’ and Zel' dov1~h(30), have .allen into the trap of
assuming that the heat feedback itself is quasi-steady. That
ic to say, they assumed that the temperature profile in the
quasi-steady gas phase is identical to the temperature pro-
file during a steady state (at the instantaneous pressure).
Although such an idea may at first seem plausible, it is
wrong. The reason it is wrong is that it neglects the pro-
cess in the problem that is unsteady. If the heat feedback
from the gas phase to the sclid were quasi-steady, then the
temperature gradient inside the surface of the solid would
also be quasi~-steady (because the heat transfer must be con-
tinuous at the solid-gas interface). However, some part of
the overall system must be unsteady in order for extinction
by rapid depressurization (i.e. by dynamic effects) to occur.
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Thus the temperature profile in the solid must be a non-steady
profile. And if the profile in the sc¢lid phase is non-steady,
we should also expect its gradient at the surface to be non-
steady (or at the very least, we should not specify it to be

in phase with the pressure). Therefore the heat feedback from
the quasi-steady gas phase to the non-steady solid must likewise
be non-steady. The heat feedback must depend on both the in-
stantaneous press 're and the rate of change of the pressure. As
a consequence we see that even though the gas phase is quasi-
steady, its temperature profile will not (in general) be a steady-
state profile because of the non-steady boundary conditions (the
heat feedback to the solid) on the gas phase.

If we then eiiminate the quasi-stzady heat feedback assump-
tion (but not the quasi-steady gas phase approximation) we must
add some additional information (which this list of authors d4id
not use) in order to uniquely speciiy the proble.. The procedure
is entirely straightforward. The gas vhase is quasi-steady in
terms of both flow processes and chemical processes. Hence the
analysis of the quasi-steady gas nhase can proceed in a manner
which is identical to the analysis which is used for the steady
state gas phase except that ths amount of heat which is fed back
into the propellant is no longer ecual to its steady state value.
The actual magnitude of this heat feedh2ck must be determined by
s.lving the non-steady Fourier Leat conduction equation rather
than bv using the solution to rthe steady heat conduction equation
in the solid. This is perhaps seen more clearly if we consider a
thermodynamic system which includes only the gas phase. This
gaseous system is non-adiabatic in either the stcady state or
during a quasi-steady transient due to the heat feedback to the
solid. Howsver because of the quasi-steady approximation, the
same equations describe this gas phase system in either the
steady state or in the quasi-steady transient, i.e., our purely
gas phase system merely shifts through a continucus series of
steady states during a depressurization. Meanwhiie, the magni-
tude of the non-adiabaticity (heat loss to the solid) is somewhat
different between steady state and transient conditions. Thus
during quasi-steady transients, we must solve the steady state
gas phase equations with a non-steady boundary condition which
represents the non-adiabaticity of the gas phase.

One theory which does treat the h?gi)feedback properly s
the Denison and Baum instability model . This aralysis has
been appli?gzyo the depressurization transient by Marxman and i
Wooldridge . The heat feedback in Denison and Baum's model
properly depends on both the iastantaneous pressure and on the
instantaneous burning rate during a transient. However, thev
didn't go far enough. They incorrectly used a steady state
eigenvaluez for the mass flux through the gas phase. The mass

flux through the gas phase
sure and the burning rate.
boundary conditions on the

should also depend on both the pres-
This again is due to the non-steady
guasi-steady gas phase.

D. Further Discussions of Previous Theories

As indicated in the previous subsection, the quasi-steady
approximat:ion has been used incorrectly in several instances.




In this subsection we individually, and in more detail, describe

the previous theories which have dealt with the ex:inguishment .
process. In so doing, we point out some additional objections ;
to the methods which have been used in these previous studies. j
Some of these objections are concerned with ill-advised approxi- ’
mations, but others deal with obvious errors in the models.

The theoYégf which have been proposed by Von Elbe(25) and
Paul, et. al. are similar and are both based on small pertur-
bation approaches. Von Elbe's analysis is very vague and is
based on physical intuition rather than on precise mathematical
reasoning. Paul‘s approach is more straightforward. Both theories
are based on perturbing the amount of energy stored in the solid
during a steady state. Such a perturbational solution is not
unique, nor is the method which is used for obtaining it, con-
sequently one cannot say that the methods von Elbe and Paul
have used are "wrong". However, it is preferrable to perturb
the entire non-steady differential equations rather than to
perturb the integral solution of the steady state equation
as both of these workers did.

In both theories, the resulting equation for the transient

burning rate is of the form
= CL15n + }<"!F’/Ci1:

r (6)

transient

where n .
Y.steady state — a P (7)

Here the constant, K, depends on the obvious parameters which
non-dimensionalize the pressure-time derivative. Between the
two theories, this constant differs by a numerical factor.
According to Von Elbe and Paul, extinction occurs when the
magnitude of dp/dt becomes so large (in a negative sense) that
the right hand side of th=z transient burning rate expression
vanishes. Thus the perturbation quantity (K dp/dt) must be-
come equal to the "zeroth" order term (ap ) for extinction to
occur. However, a perturbational approach does not remain
valid when the perturbation becomes of the same order of mag-
nitude as the zeroth order term. Consequently it is wrong to
use a first order perturbation solution to determine when ex-
tinction occurs. A first order perturbation solution can cnly
indicate when the transient burning rate begins to differ sig-
nificantly from the corresponding steady state burning rate
(at the instantaneous pressure).

Paul and his co-workers later modified the constant, K,
in their burning rate expression so that it became in effeft
a function of the rate of change of the pressure, dp/dt 33),
These modifications were based on solutions to the complete
non-steady heat conduction equation in the solid and were -
supposed to have the effect of including higher order terms
in the small perturbation expansion. These factors allowed
somewhat better correlation of the experimental data in some

cases.




Finally, we raise two other objections against these two
theories. First of all both von Elbe and Paul ignored the
experimental evidence which has shown that a significant
amount of heat release occurs very near to the surface of a
burning composite solid propellant (although the effect ot
this omission is overshadowed by their improper use of the
quasi-steady approximation). Second, they used a constant
surface temperature for the burning propellant. As dis-
cussed below, the constant surface temperature approximation
is acceptable from the standpoint of an energy balance, but
a constant surface temperature approximation has significant
implications on the determination of the burning rate.

When initially published, both these theories were
supposed to apply at the initial instant of the depressuri-
zation. Since then both authors have postulated that their
respective theories should be applied at the moment of ex-
tinction. Limited success has been obtained with these for-
mulas using both the initial pressure-time derivative and
the derivative at the moment of extinction(2,10,34),  fhis
success is mainly due to the fact that the formulas include
some of the most important non-dimensional parameters in the
problem. The contribution of these theories is that they
offer a justification for the commonly used method of pre-
senting experimental data and they identify one important
non-dimensional parameter in the depressurization problem.

Wallis' model(zg) includes the same basic assumptions as
are in Von Elbe's and Paul's theories, however, he has solved
the complete solid phase equation numerically, and in so doing,
bypassed some of their difficulties. Like Paul and von Elbe,
Wallis used a constant surface temperature, included no heat
source or sink at the surface, and used a quasi-steady heat
feedback. He did not make any comparisons between his theo-
retical predictions and experimental results, but merely
indicated his model would predict extinction.

Horton's model of the depressurization process(27) is
also similar to those of Paul, et. al. and Von Elbe in that
he too uses a quasi-steady heat feedback and a constant sur-
face temperature. Like Wallis, he numerically integrated
the complete non-steady heat conduction equation in the solid
phase as a function of the instantaneous pressure during the
depressurization process. His analysis differs from Wallis'
(note that chronologically Horton's work came before Wallis')
in only one respect: Horton included an endothermic heat sink
at the surface of the solid (latent heat). However, there is
no physical evidence to indicate that the solid decomposes
endothermically. In fact, exgeggTents have shown that the
decomposition is exothermic (22, . The predictions based on
Horton's model differ from his experimental results by as
much as a factor of five in some cases.
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Besides using his theory to predict extinction, Horton
specialized his model to apply to the "infinite dp/dt" case
so that he could infer the magnitude of the "heat sink” at the
surface. Ryan!®’ also used this "infinite dp/dt" theory.
Horton and Ryan reasoned that even for a step change in pres-
sure (infinite dp/dt), a certain minimum pressure drop, &P , is
required to extinguish a propellant. They determined this mini-
mum AP from experimental data by extrapolating the results from
a series of extinctions which had been obtained by using suc-
cessively faster depressurization rates. According to their
picture of a burning solid propellant, one portion of the heat
feedback from the gas phase goes into overcoming the latent
heat of the solid, whilc the remainder goes into pre-heating
the solid. The step function in pressure which would just
extinguish combustion was supposed to correspond to a decrease
in the heat feedback by an amount just egual to thz product of
latent heat and the mass fiux (before the step change in pres-
sure). The resulting lower heat flux would be just adequate to
retain the solid phase temperature profile at its original
level with no excess left to go into overcoming the latent
heat. Consequently the step in pressure would cause propellant
burning rate to go to zero in a step fashion. This poses
somewhat of a contradiction from a physical viewpoint because
the continued heat flux into the propellant would cause the
propellant to re-ignite immediately. The plausibility of such
an instantaneous change in the burning rate rests completely
upon the constant surface temperature approximation. This is
because the temperature at any point in the so0lid can not
change instantaneously when the heat transfer to the surface
is changed in a step-wise fashion (as can be shown from the
heat conduction equation). Thus, if the burning rate were
considered to be a function of the surface temperature (for
example an Arrhenius function) as is commonly assumed, the
burning rate could not change by a finite amount in zero time.
Hence, this "measurement" of the "latent Heat" of a solid
propellant has no meaning if we do not use the constant sur-
face temperature approximation.

Considerable experimental evidence has shown that both
ammonium perchlorate and t%ggcgl fuel binders decompose by
way of a chemical reaction +35), not by a purely physical
process. For such a chemical decomposition, the burning
(decomposition) rate would certainly depend on the temperature
of the material; an Arrhenius function would be mcre realistic
than a constant surface temperature approximation (see dis-
cussion in Section IV-A). Nevertheless for the typically high

activation energies which have been reported experimentally (22,35),

the surface temperature changes by only a small amount for
relatively large variations in the burning rate. Thus, the
constant surface temperature approximation is a good approxi-
mation as far as the energy equation itself is concerned, but
its variation is very important for determining the burning
rate. If the surface temperature is held constant, the burning
rate must be determined from the heat flux rather than from
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the temperature of the decomposing sclid propellant. This
can give the transient burning rate solution a completely
different character than when it is based on the surface
temperature.

A final comment on the "infinite dp/dt" analysis con-
cerns the quasi-steady approximation. If the pressure change
is truly infinite, the gas phase cannot certainly be treated
in a quasi-steady manner. However, the term "infinite” is
a relative term. It implies the relaxation time of the solid
must be much, much longer than the characteristic time which
describes the pressure change. On the other hand, the quasi-
steady assumption requires the process time to be much longer
than the gas phase reaction time. This restricts the char-
acteristic time of this "infinite dp/dt" process to within
a very narrow region (if such a region exists). Consequently
not only did Horton and Ryan use the wrong quasi-steady
approximation in their "infinite dp/dt" theory, the required
depressurization processes are probably so fast that the
quasi-steady approximation is not applicable in the gas phase
anyway. The gas phase should probably be treated in a non-
steady manner for the “infinite dp/dt" case.

Zel'dovich(3o) also discussed the "infinite dp/dt" model.
His reasoning was identical to both Horton's and Ryan's and
the criticisms of their work apply to Zel'dovich's work also.

As indicated above, the theogx)by Marxman and Wcoldridge
is based on the Denison and Baum (° instability model which
properly recognizes that the heat feedback should depend on
both the pressure and the burning rate during a transient.
Marxman improved the Denison and Baum theory by recognizing
that, from both a physical and a mathematical standpoint, a
surface heat release is important in the transient burning
process of a solid propellant. However, his first attempt

at including the surface heat release led to a violation

of the first law of thermodynamics--he assumed the total heat :
release was constant and independent of pressure, but his i
model predicted that (despite this assumption) the flame i
temperature increased with pressure. He later modified his !
description of the surface heat release so that the laws of
thermodynamics were satisfied, but he did so in a completely
arbitrary manner. The amount of heat which is released at
the surface (in his model) increases with the surface temper-
ature in an Arrhenius fashion. He "borrows" this increase

in the surface heat release (with increasing steady-state
pressure and surface temperature) from the main flame zone.
Consequently the amount of heat released in the main flame _
decreases in an Arrhenius fashion as the steady state pres- i
sure is increased. Further, since he has no physical basis L
on which to found this surface heat release, its magnitude f

is completely arbitrary. For instance, he has no manner of
deciding whether the surface heat release should increase or £
decrease with a change in the propellant oxidizer loading. £
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Fletcher 12:23+14) 454 not offer = theoretical model

- . describe the extinction process, but instead used measured .

values of the chamber pressure during a depressurization to

back-calculate the transient burning rate during the depres-

surization. This calculation was performed by a simple non- .

steady mass balance on the chamber. By measuring the chamber

pressure as a function of time, he was able to determine the

net mass outflow (i.e., the difference between outflow and

inflow) which was necessary to give the current chamber pres-

sure. From simple nozzle calculations, he determined the

total mass outflow and consequently inferred the mass inflow

(and transient burning rate) during the depressurization.

His results indicate that during a depressurization, the

transient burning rate first rapidly increases (to a value

equal to about twice the initial steady state burning rate)

before decreasing and going to zero. The height of this peak

in the burnirg rate increases with the speed of the depres-

surization. As indicated above, this calculation is straight-

forward, but a consideration of the numbers involved shows

that it is completely meaningless.

As an example of this calculation, consider a combustor
which is burning at a steady state pressure. For definite-
ness we take this pressure to be 1000 psia, and the corres-
ponding nozzle throat area to be one centimeter squared. For
the depressurization process this nozzle area is suddenly
openel tc (say) 5C cm” (tnis ratic of 5C to 1) is typical of
area ratics used in the experimental work presented in this -
thesis). If we assume the large throat area chokes instan- '
taneously, the mass outflow will increase by a factor of 50
over its previous value while (at least instantaneously) the
inflow will remain at approximately ths value it had just
before the nozzle was opened. Before the nozzle is opened,
the mass inflow due to combustion is just equal to the mass 4
outflow dve to the nozzle. Thus, at the instant after the .
nozzle is enlarged by 50 to 1, the ratio of mass outflow to
inflow is likewise about 50 tc 1. That is to say

().,

and this 2% is the unknown which we wish to ~alculate. This
represents the fallacy in Fletcher's calculztions. The para-
meter he is trying to calculate influences the parameter he
measured by only a small percent. |

& or .02
C 4

1
o 50

Again takirg a definite case, suppose our p-t curve re-
quires a net mass outflow of 48 units/sec. at a given instant
of time. Thus, if the total mass outflow is 50 units/sec.,
the inflow will be 2 units/sec. However, consider the effect
cf the nozzle Cp. For the typically small experimental nozzles,
a knowledge of Cp within 5% is gnod. Thus suppose our nozzle .
which ideally flows 50 mass units/sec. (for Cp=1.0) actually
has a Cp = .96. Then the total mass outflow becomes 48 units/sec. ]
(instead of 50 units/sec.) s0 consequently the mass inflow is o
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zero, Smaller 's would give negative mass inflows.
g

Thus we see that lack of precise knowledge of the nozzle
Cp’s can give large errors in the back-calculated burning
rate. Further errors enter because the pressure measurement
is never exact and from the simplifying assumptions which
must always be made in any analysis. All these conditions
are such that the faster the depressurization (the larger
the area change) the larger will be these errors. Con-
sequently Fletcher's calculations (which were made with a CD
of unity) are meaningless. It is further of interest to
note that the predicticns given in this thesis (which were
obtained by a completely different calculation method) in-
dicate that, opposite to Fletcher's results, the transient
burning rate is always below the steady state burning rate
which corresponds to the instantaneous pressure. There is
no possible mechanism to explain how the burning rate could
possibly increase over the steady state value it had before
the depressurization (although it could conceivably be above
the steady state burning rate corresponding to the instan-
taneous pressure).

Kling and Brulard(ls) have used the same method to back- :
calculate the burning rate during a transient as did Fletcher. i
They too used a nozzle of unity and like Fletcher's, their :
calculated burning rate increased at the initial part of the :
depressurization. They wrongly attributed this increase to i
erosive burning effects, the actual cause is the same as in :
Fletcher's calculations.

In Wooldridge and Marxman's latest publications(8'36)
they coupled the combustor and the nozzle to the burning
solid propellant during a depressurization transient by
means of the energy eguation and the continuity eguation. This
approach has not been followed in this thesis. It is felt that
the coupling merely adds a source nf uncertainty to the compari-
sons between the experimentally observed extinctions and the
theoretically predicted extinctions, i.e., discrepancies could
be attributed to either the combustion model or the description
of the gas dynamics processes in the chamber and nozzle. 1In
this thesis the experimentally measured p-t curves have been
used rather than introduce the conservation equations for the
combusticn chamber. (For the pressurization problem which
Wooldridgs and Marxman also worked on, the chamber coupling
becomes of utmost importance because of the possibility of
large overshoots in the burning rate. The difference between
rapid depressurization and rapid pressurization is that during
depressurization, the mass inflow due to continued burning is
always smaller than the nozzle mass outflow. The opposite is
true for pressurizations. In pressurizations the mass inflow 1
must exceed the mass outflow.) 3
{
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E. Steady State Burning Rate Theories Underlying the

PO O

Various Depressurization Models

We conclude our discussion of previous depressurization
models with a consideration of the steady state theories on
which these transient analyses are based. The theoretical
representation of the steady state burning rate is important
in the depressurization analysis because of the quasi-steady
approximation. Those theories which assume the heat feedback
is quasi~steady (references 25 through 29) bypass the need for
any description of the flame. Thus they can ke dismissed in
this discussion by noting that all of them use a heat feedback
which is proportional to the steady state burning rate which
is in turn expressed by the Vielle burning rate relation,

Kp" ~r = ap" (8)

quedback ss

To fit the complete steady state burning rate curve of vir-
tuallv any propellant, the burning rate index, n, must be
allowed to vary with pressure. In these simple theories, it
could be taken as an empirical function of pressure, although
to date, all predictions based on these t.eories have used a
constant value of n.

As indicated, Marxman and Wooldridge have been more
correct in their usage of the quasi-steady approximation and

consequently in their theory (as in ours) the structure of the(3l)

gas phase flame is very important. Following Denison and Baum
they described the gas phase flame as a pre-mixed laminar flame
and then used the Von Karman eigenvalue( 7) as the speed of this
pre-mixed flame. The reaction order was related to the Vielle
burning rate index, n, and was determined empirically. In
order to fit the steady state burning rate as a function of
pressure over the entire pressure range, they allowed the flame
activation energy to be an arbitrary function of pressure (8).
Thus their steady state burning rate expression is of the form

v, = afto” exp (- EsCP) /R TE)

(9)

First of all, we note that a composite solid propellant is
not at all pre-mixed on a molecular level. Consequently there
is no a priori reason for believing that upon decomposition of
the solid phase these heterogeneous products mix instantaneously
(in comparison with the chemical reaction). In fact the op-
posite could just as well be true; the diffusional mixing of
these heterogeneous products could be so slow in comparison with
the chemical reaction that the flame effectively behaves as a
purely diffusional flame. The granu.ar diffusion flame theory
(which is used in our model) allows both chemical reaction and
diffusion to occur simultaneously. Very extensive experience
with this (GDF) steady state formulation has shown that at
normal rocket pressures, diffusion is a more important process
in a composite solid propellant flame than is the chemical

-14-

T e 5 i U o Aty

?

RPO

————— ———




e

et S

(AR

—— e on i, IR S T T e TR

(38)

reaction . Hence, it would be more appropriate to use a
flame speed formula from a diffusional flame than to use
Von Karman's pre-mixeé {lame eigenvalue. (NMote the two
separate objections which we raise here. First, a solid
propellant flame does not behave like a pre-mixed flame.
Consequently a pre-mixed flame theory is not appropriate.
Second, even if the flame were pre-mixed, the mass flux
eigenvalue as determined from the steady state would not be
the correct eigenvalue for the quasi-steady transient.)

One physical indication that diffusion is important in a
composite solid propellant flame is based on the experimental
observation that propellants with small oxidizer particle
sizes burn much faster than propellants with large particle
sizes (whenr both propellants have the same oxidizer to fuel
ratic). This fact is clearly shown in the steady state burn-
inc rates which are included in this thesis as well as in
the burning rates of Steinz(38) and many others. This is
readily explained by the GDF theory because as the particle
sizes become smaller, diffusion should occur over smaller
distances and hence be faster so that the propellant burns
faster. A theory which is based on a completely pre-mixed
flame can give no plausible explanation for the particle
size effect.

Wooldridge and Marxman explain their variable flame
activation eiorgy by pointing out that a solid propellant
flame is composed of a complicated series of reactions whose
average activation energy is given by Ep. As the combustion
pressure changes, various reactions assume differing amounts
of importance so that the average activation energy changes.
Wooldridge and Marxman have further justified the variable
activation enerqgy by saying that it doesn't vary by very
much. It is indeed correct that the average activation energy
could change, but it would be just as appropriate to hold the
activation energy fixed and allow the pre-exponential factor,
a’, to vary with pressure. However, the pre-exponential
factor would have to vary by large amounts to give the same
effect as the small variation in activation energy.

Steinz(39) has presented a thorough discussion of steady
state burning. His results show that the GDF theory accurate-
ly fits the steady state burning rate behaiior of most (am-
monium perchlorate-based) composite solid propellants that
have fuel binders that do not melt "readily" on the burning
surface, i.e., fuels that burn with & relatively dry surface.
Typical examples are PBAA, PBCT and PBAN. The GDF¥ theory
does not fit the burning rate behavior of propellants which
contain fuel binders that do melt on iiie surface; the polv-
urethane binders are a class of fuels which fall into this
class. Steinz's results also show that for the "dry" fuel
binders, the GDF theory holds for “normal" AP particle sizes,
but begins to break down when the AP particle sizes become
larger in diameter than the depth of the heat-up zone in the
solid. For these large particle sizes, non-one-dimensional
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effects are important. Similarly the GDF theory does not
fit the burning rate behavior of severely under-oxidized
propeilants. Fortunately, most composite solid propellants
of practical interest aave high enough oxidizer loadings,

and small enough AP particle sizes that their burning rates
do fit the GDF theory.

In sumnary then, the GDF th«ory utilizes two free con-
stants for the burning rate expression. These constants are
determined empirically. The burning rate correlation which
has been proposed by Wooldridge and Marxman, equation ¢,
utilizes two free constants and an arbitrary function, and should
fit any experimental data. Further Marxman and Wooldridge
have ignored the effect of diffusional mixing on the flame.

As indicated, diffusional mixing is very important in a
composite propellant flame.
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SECTION III

CONSIDERATIONS OF THE RE-IGNITION PHENOMENON
FOLLOWING TEMPORARY EXTINCTION

A. Reasons for Studying "Temrorarvy" Extinctions

When a burning solid propellant is subjected to a rapid
pressure decrease, the propellant flame will behave in one of
three different ways, depending on the depressurization rate.
For relatively slow depressurizations, the propellant will
simply resume normal steady state burning at some lower pres-
sure. However, if the rate of pressure decay is increased, a
critical rate will eventually be reached above which the flame
will extinguish, bat for pressure decays which are only slightly
faster than this critical rate, the propellant will usually re-
ignite after a short delay. That is to say, the propellant will
crease burning for a period of from one to ten seconds and will
then re-ignite and continue to burn until the entire charge of
propellant has been consumed. A further increase in the depres-
surization rate reveals the existence of a second critical rate
above which re-ignition does not occur. For these relatively
fast depressurization rates, the propellant flame then remains
permanently extinguished. Thus, we can visualize two "extinc-
tion" boundaries, such as *he ones which are shown schematically
on Fig. 54. We shall distinguish the three different end re-
sults by referring to them as "non-extinctions", "temporary ex-
tinctions”, and "permanent extinctions", respectively, as indi-
cated on the figure.

In a stop-start rocket motor, the only extinctions which
are of interest are permanent extinctions (for obvious practi-
cal reasons). However, in this thesis, we have chosen to in-
vestigate the boundary for temporary extinctions, not permanent
extinctions. In order to justify this choice, we must consider
carefully the causes of re-ignition, and the energy sources
which are responsibie for re-ignition. It can be shown, both
theoretically and erperimentally, that the "temporary extinc-
tion" characteristics can be =—onnected in a fundamental way to
the properties of the particular propellant and the structure of
its particular kind of flame, whereas the increase in depressuri-
zation rate required to achieve permanent extinction depends
sensitively on the residual sources of radiant heat in the chamber
at the moment of termination, and therefore on factors which
vary from one type of motcr geometry to another and from one
size to another. It was the purpose of this particular research
project to investigate the connection of extinction phenomena
with propellant combustion properties, i.e., to conduct a re-
search project aimed at combustion processes, and not at the
characteristics of a particuiar motor. For this reason, the
phenomenon of "temporary extinction" was chosen as the focus
of attention. The problem of permanent extinction of 2 motor
is considered to be a separatc problem, worthy of investiga-
tion in its own right. The achievement of extinction of a
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motor (i.e., non-ce-ignition) can be solved only after the
process of temporary extinction (i.e., flame-out) is solved.
This is the reason for doing this particular research on the
limited, but basic, problem of "temporary extinction".

As its name implies, re-ignition is an ignition phenomenon,
and as such, it requires a source of energy. Since the re-igni-
tion takes place in a hot propellant, *he amount of energy which
is necessary for re-ignition is less than the amount of energy
that is required to ignite a cold propzllant. Further, since
the observed re-ignition times in practical rocket motors or in
the usual experimental combustor are very long (on the order of
several seconds), the heat flux which produces the re-ignition
in such chambers must be quite small in magnitude. We can
vicualize several potential sources which could supply a small
heat flux over a long period of time. Among them are conduction
and radiation from the residual hot gases in the combustion cham-
ber and radiation from the hot inert parts of the rocket motor.
One further possible energy source is present because of the
thermal profile in the solid. The energy stored in the propel-
lant can cause it to undergo a slow exothermic decomposition
which can eventually raise the propellant temperature high
enough to initiate rapid decomposition and combustion. Any of
these possibilities can be the dominant source of re-ignition:
it is obvious that all of them must contribute in some part to
the re-ignition precess. If any one of these small heat sources
should be allowed to act over an unlimited period of time, the
propellant would always eventually re-ignite. However, it must
be realized that non-adiabatic factors are also present; heat
losses to the surroundings also occur.

Before we make a more thorough investigation of the sources
of the re-ignition energy, let us consider some experimental
and theoretical observations which have been made pertaining
to the re-ignition phenomenon.

Ciepluch has presented some exrerimental results which
show that the occurrence of re-ignition depends on the operat-
ing conditions i?3yhe rocket motor, both before and after the
depressurization . In tests conducted in an altitude chamber,
he showed that re-~ignition wiil not occur if the back-pres-
sure to which the rocket motor exhausts is sufficiently low.
This minimum back-pressure (about .25 atm for his experiments)
is considerably above the lower deflagration pressure of the
propellants he was testing ( is about 0.04 atm for those
compositions). Ciepluch's Fig. 3, which we have reproduced as
our Fig. 55 shows that the boundaries for permanent extinction
and for tempeorary extinction are identical at low back pressures.
At higher back pressures where re-ignition occurs, there is a
sharp increase in the depressurization rate which is requires
to cause permanent extinction, whereas the depressurization
rate for temporary extinction remains about the same as for
low back pressures. Ciepluch suggests that the occurrence of
a minimum in the back pressure necessary for re-ignition is due
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to the fact that the energy required to ignite a pro?g%}ant
increases rapidly as the ambient pressure is reduced . At
lower back pressures, he argques, the available circumstantial

heat sources become insufficient to cause re-ignition. Ciepluch's
results also show that, in the region in which temporary extinc-
tions occur, the time duration between flame-out and re-ignition

increases as the depressurization rate is increased. Thus, de-
pressurization rates which are only slightly faster than the
critical depressurization rate for temporary extinction lead

to re-ignition after a relatively short time interval, whereas
depressurization rates which are nearly as fast as the critical
depressurization rate for permanent extinctions lead to re-
ignition after a relatively long time interval.

Wooldridge and Marxman tested one propellant at each of three
back-pressures and, like Ciepluch, they found that the time which

elapsed between a temporary extinction and the enigfng re-igni-
tion increased as the back-pressure was decreased . That is
to say, they found that re-ignition became less likely as the
back-pressure was lowered. They also reported that re-ignition
did not occur at their lowest back-pressure (i.e., infinite
time between extinction and re-ignition).

Very recently McDermott and Isom ihave reported(gg? results
of some re-ignition tests in a flight-weight engine . Their
results showed that although the back-pressure was below the
lower deflagration limit, the propellant could still re-ignite

because an "off-gassing” effect could raise the chamker pressure

above the lower deflagration limit for the particular propellant.

This "off-gassing” effect is due, of course, to decomposition

of the (extinguished) propellant, which is caused by heat trans-

fer from hot inert parts inside the rocket motor chamber and
residual heat in the propellant, and perhaps by exothermic re-
action. Measurements of the rate of loss of mass by a hot (non-
ignited) propellant were determined from separatz experimerts
to justify this "off-gassing” effect. It should be remarked
that the exothermic decomposition accompanying the off-gassing
would also tend to promote re-ignition. McDermott and Isom
tested two identical motors. One motor contained a type of
internal insulation which induces low levels of radiant energy
to the propellant surface from the hot inert components. The
other motor contained insulation which gave relatively high
radiant heat transfer to the propellant surface. The motor
with the low radiation level did not re-ignite, but the motor
with the high radiation level did re-icnite. This shows that,
for their moter, radiative transfer was an important source of
energy for the re-ignition phencmenon, over and above the ex-
othermic reaction sourc . that was undoubtedly present, too. An
analytical investigation of the reTég?ition process has been
presented by Lehmann and Schneiter* . Their model predicts
the time required for temporary extinction and for re-ignition
to occur in the presence of various levels of constant heat flux
to the propellant surface. (Their analysis is not concerned
with the depressurization rate required to achieve extinction.)
The heat flux is modeled as being either radiative (absorbed in
depth) or coavective (absorbed at the surface) in nature. 1In
their calculations, Lehmann and Schneiter assume that both the
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burning rate and the heat feedback from the gas phase to the
solid go to zero instantaneously at the moment that *he pres-
sure decay is initiated. Specifically, they solve the Fourier
heat conduction equation (without a convective term),

Aot = Kp d*T/3x2 , in the solid phLase; they use an initial
temperature profile that corresponds to the original high pres-
sure steady state temperature profile; and they use a heat flux
boundary condition that is constant (in time). The magnitude of
the heat flux to the propellant is chosen to be representative
of the radiative heat fluxes from the hot, inert parts inside a
typical rocket motor which has just extinguished. By solving
the problem in this manner, their results are, of necessity,
independent of the rate of the pressure decay; their predictions
depend only on the initial chamber pressure (burning rate) and
the magnitude of the (very small) heat flux. A more realistic
approach would be to use the results of our depressurization
model (or a similar one) to determine which initial temperature
profile to use for their re-ignition moca2l, i.e., start the re-
ignition calculation after an extinction model had predicted
that temporary extinction would occur. Because the residual
temperature profile in the solid depends on the rate of the
pressure decay, such re-ignition predictions, which in turn
would depend on the initial temperature profils 1culd then
become dependent on the pressure decay rate. (k.call that

the time interval between temporary extinction and re-ignition
depends on the rate of the(gfessure decay, as has been shown
experimentally by Ciepluch . and others.)

An example of the effect of sub—surfac?Gggactions on re-
ignition has been described by Mayer, et al ‘. They found
some chemical methods whereby the initial exotherm which is
observed when ammonium perchlorate is heated slowly in a DTA
experiment could be delayed to higher temperatures, or even
eliminated from the temperature range just below ignition.
Preliminary tests of propellants which had been treated by
one of these methods showed that the tendency to re-ignite
was suppressed. This indicates that slow decomposition re-
action in a hot (but ?85 ég?ited) propellant can also affect
re-ignition. H. Wise ’ and his colleagues have worked
for some years to measure the amount of heat generated and the
kinetic rate of this exotherm, in the expectation that it alone
can explain ignition and burning. However, it is easy to show
from their data that insufficient heat is generated to account
for ignition in millisecond times (the usual case for start-up)
or for burning rates of the order of 1 cm/sec. However, their
thermochemical results can account for slow re-~ignitions.

Additional insight into the re-ignition phenomenon can
be obtained from some of the work on ignition processes. The
basic difference between ignition and re-ignition processes is
that the initial temperature profiles in the solid are different
for the two cases. 1In the normal ignition case, one usually
considers a cold propeliant which is uniformly at ambient tem-
perature, but in the re-ignition case, the »propellant is hot.
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As mentioned above, the actual temperature profiie in the solid
following a transient extinction is determined by the speed and
shape of the pressure decay curve, the transient flame character-
-stics of the propellant, etc. Our extinction model predicts
this residual temperature profile in the solid following an ex-
tinction {as will any other complete theory of extinction).

An interesting ignition case which closely parzaliels the
re-ignition process is the marginal ignition transient of a
rocket mot0{66§ue to low igniter energy flux) or the "hang-fire”
case. Most has observed in rocket engine tests that, if
the igniter source is cut off when only a small part of the
propellant surface has ignited, the rate of flame spread drops
to nearly zero for a long period of time (as much as 500 ms),
simply because of the sharp decrease in the heat flux to the
propellant that occurs when the igniter is terminated. However,
after a period of apparent inactivity, the flame rapidly spreads
to cover the remainder of the propellant surface, and normal
steady state burning is obtained. During this "incubation"”
period, the non-ignited portion of the propellant is slowly
heated by the flow of hot gas from the weak flame which exists
on the nearby (ignited) portions of the propellant surface.
However, Most has found that in order to match theoretical
predictions of flame spread rate with observed experimental values,
it is necessary to also include a condensed phase energy source.
. The magnitudes of the heat release which are necessary -0 pro-
duce agreement with experimenx & measurements are about the
same as those deduced by Stei 3 krom steady stg§? burning.

They are also the same as those used by Krier and in this
thesis. Thus it appears that condensed phase reactions can
hav¢: measureable effects(9 )long ignition (or re-ignition)
cases., Frazer and Hicks have presented some numerical solu-
tions to an ignition model in which distributed reaction was
considered in the solid. For appropriate combinations of ig-
niter £flux and duration, their predictions showad that the
surface temperature of the propellant would drop for a time
(following igniter cut-off), but would then recover and in-
crease agai?GBytil their ignition criterion was reached. Beyer
and Fishman have presented the results of some arc-image
igniter experiments which were designed to determine the minimum
energy requirement for ignition. In these tests, they routinely
obtained ignition after the radiation source had been cut off.
These delayed ignitions seem to be qualitigéyely in accord

Witﬁ ?9s)theoretica1 results of both Most and Frazer and
Hicks

Baer and Ryan(7l) have presented some data on ignition
characteristics of propellants which are exposed to very low
radiant heat fluxeg. Their experimental results show that
fluxes of 5 cal/cm, sec produce ignition in about one second.
Fluxes of 2 cal/cm® sec produce ignition delays of about ten
seconds. These measured ignition times establish the order
of magnitude of radiant flux which will lead t» ignition in
a cold propellant after about the same delay which is observed
in re-ignitions following temporary extinctions in combustors
such as ours.
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These results which we have cited above suggest that the

re-ignition process is affected by the "boundary condit ions"

on the experiment. For instance, the magnitude of the radiative

heat transfer will depend on the motor geometry, the types of .

materials that are used inside the motor, the length of time
i the motor has been operating at steady state conditions, etc.
Specifically, the motor geometry willi determine the size of the
radiating area at the source. The type of material used will
determine the surface temperature of the radiating surface; a
non-conducting material will retain heat on its surface and
will radiate strongly, whereas a metal will allow the heat to
diffuse away from the surface and so will radiate less energy
because of its lower surface temperature. The length of time
1 at steady state operation previous to depressurization can be
very important also, because it will strongly affect the tem~
perature of the internal parts. For instance, in an actual
application, the motor may operate for as long as a minute be-
fore being stopped, while in a laboratory motor, a steady state
operating time of only 0.1 sec. may be used.

Similarly, heat conduction from the hot gases to the pro-
pellant, and heat losses from the propellant surface can depend
on the motor geometry, etc. The heat release from slow sub-
surface reactions inside the propellant will depend on the tem-
perature profile in the solid after extinction occurs. This
final temperature profile in the solid depends on the shape of
the depressurization p-t curve and on the level of the final -
pressure, as is shown later in the thesis.

VO P o %o
[ e R,

Because of these factors, we see that measurements of perman-
ent extinctions which are taken from different laboratory experi-
ments can be compared with each other only if exact data are
taken on all these "boundary conditions"” to make sure that they
: are the same in each experiment. Specifically, the motor should
3 be made from the same materials and should have the same geometry.
Further, the steady state operating times, previous to the de-
pressurization, should be identical. 1In order to apply the re-
sults from permanent extinction tests to practical motors, one
would, in principle, have to carefully correct the permanent ex-
tinction results for the re-ignition sources and sinks which were
present in the laboratory motor. These corrected data would then
have to be corrected a second time to incorporate the effects of
the re-ignition sources and sinks in the desired practical rocket
. motor (which would in all likelihood be quite different from
2 those in the laboratory motor).

ppom-

e

2 Temporary extinctions in cold motors, on the other hand,

E are independent of the small incidental heat sources which cause '
' re-ignition. (This would not be so if the incidental heat sources

were intense.) To apply the results of temporary extinctions to

3 a practical motor, one need only correct the data for the re-

3 ignition sources which are present in the practical motor. (Of -
3 course, making such “corrections" as are indicated here and in

; the previous paragraph can be quite a task and would undoubtedly

require experinental testing of the actual motor "o characterize .
those re-ignition sources. Our results can, however, be used to
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understand which processes are important in the extinction and
re-ignition processes.)

The above discussion represents the justification for deal-
ing with temporary extinctions in this thesis. The experimental
measurements of permanent extinction tell you nothing of either
extinction or re-ignition (for the particular experimental "boun-
dary conditions” chosen). They only show you the results of both
effects, combined together in sore undetermined manner.

Several experimental “fringe benefits" are obtained by
choosing temporary extinctions in a cool motor, fired for only
a short time, as the criterion of interest. Primary among
these is that much less data scatter appears in the results.
This is because the small heat sources which can lead to re-igni-
tion under more practical circumstances can sensitively affect
the re-ignition results. For instance, a few large hot carbon
flakes adhering to the chamber walls after depressurization may
be enough to lead to re-ignition, whereas one carbon flake may
still leave the net heat flux to the propellant negative. A
second advantage is that the heat transfer is very difficuli to
calculate during the period between extinction and re-~ignition
because of the small hecat losses and gains. Consequently, tem-
porary extinction is much easier to predict with reasonable
accuracy.

B. Theoretical Analysis of Re-Ignition

Our experimental depressurizations were conducted in 2
thick-walled, stainless steel motor, and, in additio, we used
very short run times (about 100 ms). Both of these factors should
tend to diminish the effect of radiative heat transfer on the
observed re-ignitions. Ciepluch has estimated that the heat
transfer to the solid from the residual hot gas in the chamber
is only sufficient to raise the sufg?ce temperature of the pro-
pellant a few degrees F per second . Since we have gas tem-
peratures which are similar to the ones he used in his calcula-
ticns, heat conduction from the gas phase to the propellant
would probably be small in our problem also. Consequently, one
important energy source which is left to cause re-ignition in
our experiment is probably the slow exothermic decomposition of
the hot (but "exti?ggished"‘ propellant (similar to the reaction
McDermott and Isom considered to be responsible for the "off-
gassing” effect,(ggg6§}milar in magnitude to the heat release
measured by Wise ). However, some preliminary calculations
of the time interval between flame-out and re-ignition have shown
that these reactions alone are not sufficient to produce the re-
ignition times which are observed experimentally.

Estimates of the re-ignition time were obtained by solving
the diffusion equation with an appropriate heat source as a
boundary condition. In non-dimensional form, we have

2

20 - 29

2T °X? (10)
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with tne boundary conditions

O(eo, ) =0 !

%%(a,'z)-.- H e"P[‘EfﬁT,,,( ’/7§m")] + q’,‘w (11)

‘ where $swv represents heat received by the propellant surface
from the environment.

} Our theoretical model for temporary extinctions (which
: is discussed in Sections IV and VI) includes an exothermic
heat release which is placed right at the surface. This heat i
release represents the combination of the exothermic decom- :
: position of the ammonium perchlorate and the endothermic de-
! composition of the fuel binder. To be consistent, we have
! used the same magnitude of this heat release for *he energy ;
of decomposition in the very much slower process of re-igni- :
tion. Because the decomposition rate is so slow, and because :
we view it as a solid-phase reaction (with possibly very little
change of phase) we have ignored the convective term in the
energy equation (see Section IV for complete equation). As a
further approximation, the distributed reaction was lumped into
an effective heat release occurring right at the surface, whose
rate is given by an Arrhenius function of the surface tempera-
ture. (Various approximate ways of including the effect of (72)
distributed solid phase heat release have been given by Culick
The initial condition for this re-ignition problem is the tem-
perature profile in the solid phase at the moment of extinction.
¢ This profile is determined from the temporary extinction model, .
and yields

o(X,0) = F(X) (12)

where $(X) is a numerically tabulated function.

). .

P

The partial differential equation, 10, can be converted
to an integral forT7§¥ using the exact solutions given by
carslaw and Jaeger (pages 58 and 62) as

6(X,7)= ﬁ—-l;-,;f‘. Fegyfe 97 e_-<x-Y)‘/+z} dy
(-4

v -X 2/4-3
+ 1—,——{77.- ‘2’ g(7-y) € ‘JJ/]/;’ (13)
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where 9(T) is the temperature gradient at the surface of the
solid, i.e., g¢T)= (d6/dX)s,pe This integral equation can
then be solved numerically. However, since only the surface
temperature appears inside “he integral, we need only solve
for the surface temperature as a function of time. Thus we
have

4
A
3
2]
3

R Y 7/ 7
©Co,T) :V.;,_l—’;.‘ff(g)e 47-2{, -i-li."‘,_;j 3({.5)/1’?43 (14)

The solution to this integral equation then gives us the be-

¥ havior of the surface temperature as a function of time follow-
ing extinction. Since this model is adiabatic (no heat losses
are considered) it will always predict re-ignition.

Scme numerical solutions to equation 14 have been obtained,
and are presented in Fig. 56. These results show the manner

in which the re-ignition time increases as the non-dimensional

speed, 8, of the depressurization is increased. For example,

near the temporary extinctions limit (i.e., for values of B

which are just barely fast enough to cause temporary extinction

to occur), the re-ignition time increases very rapidly with

small increases in the depressurization rate, @3 . Thus, accord-

ing to these results, the depressurization rate that extinguishes

a propellant and yet allows it to re-ignite just 0.1 seconds

later is only very slightly less than the rate which keeps it

extinguished for times on the order of seconds. For large re-
ignition times the opposite is true. The reason for this is
that the depressurization rate only serves as an initial con-

. dition on the re-ignition calculation. For long re-ignition
times, the initial condition has occurred so far away in time
that it has only a minor influence on the re-ignition time.

The figure also shows that the re-ignition time is strongly
affected by the environmental heat sources that are present.
Once temporary extinction has occurred, the tim: required for
re-ignition to take place is most critically dependent on the
external sources of heat that are present, but it is also
mildly dependent on the depressurization rate that caused

] the temporary extinction. This(83§tially justifies the ap-

proach by Lehmann and Schneiter ., in which they predicted
re-ignition times without even considering tte depressuriza-
tion rate. However, it is preferable to alsc include the ef-
fects of the depressurization. Nevertheless, in order for
permanent extinction to occur, the rate of depressurization
must first be sufficiently fast to cause temporary extinction

. to occur. Once temporary extinction has occurred, the inci-

E dental heat sources must be weak enough that they do not caus=

re-ignition.

Some typical, residual temperature profiles in the solid
phase at the onset of temporary extinction are shown in Fig. 57
for several different exponential depressurizations. As can
be seen the faster depressurization rates leave more shallow
temperature profiles in the solid than do the slower depris-
. surization rates. (These solid phase temperature profiles were

TR

(g

v e AL G = = L T 2 mmimmmw.ﬁgg%’&@ :

et




T T, WS AR E

ooy A5st——rt 2t

- A~

Vi e e

AP vl gy

used as initial conditions to make the re-ignition predictions
described above.) Several steady-state profiles are also
shown {(dashed lines) for visual comparison.

Experimentally, re-ignition times of more than ten seconds
are generally never observed. Thus we conclude that predicted
rerignition times of more than about ten seconds are equivalent
to permanent extinctions because, over time periods this long,
the heat losses (which we have ignored) would prevent re-igni-
tion from occurring. Note that, if we choose 5 seconds as the
criterion for permanent extinction, we can define a boundary
for permanent extinction, having in mind a certain very small
heat loss rate. If, however, we declared that the heat loss
rate is still smaller, we could just as well pick 10 seconds
re-ignition time as our critericn for permanent extinction.

But these twe theoretical boundaries happen to be relatively

far from each other (see Fig. 56). This illustrates the point
that, if the hypothetically small heat losses from the propel-
lant are still further reduced so that longer re-ignition times
ares observed, the permanent extinction boundary is quite strongly
affected. As we have indicated above in our discussion of per-
manent extinction, the result is very sensitive to the practi-
cal motor conditions.

Throughout this thesis, we have presented the boundary
-for temporary extinctions for which the re-ignition time is
on the order of a few seconds. That is to say, a depressuri-
zation rate which is very near, but just above, any of our
reported extinction boundaries will leave the propellant tem-
porarily extinguished for sevcral seconds. This is the mean-
ing of our temporary extinction boundaries.

We should also note that we could use our temporary ex-
tinction model to calculate re-ignition by simply continuing
our computer calculations for loig times after the propellant
has temporarily extinguished. However, since re-ignition
times are some 100 times longer than the temporary extinction
times, this would mean computer operating times (IBM 360/67)
on the order of hours. The cost of this would be prohibitive,
so the alternative method described above has been used.
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SECTION IV

COMBUSTION MODEL FOR DEPRESSURIZATION ANALYSIS

In this section the theoretical model for the transient
combustion process is developed. The depressurization analy-
sis requires a fairly elaborate description of the gas phase
processes because of the wide range of pressure conditions
which are encountered duriig the depressurization traansient.
The granular diffusion flame theory provides such a descrip-
tion as discussed below. The development which is presented
here follows Reference 40 closely. An earlier version of the
theory was given in Reference 41.

A. Physical Formulation of the Combustion Model

In formulating the combustion model for the depressuri-

zation analysis, we visualize a semi-infinite, homogeneous {
propellant which is burning oun its surface ir. a one-dimensional
manner (see Fig. 1). The one-~dimensional approximation implies
that the thickness of the temperature profile in the solid ‘

phase, and the thickness of the gas phase flame are both large
in comparison with the effective rough?gﬁf dimension of the
regressing propellant surface. Steinz has estimated the
surface roughness of a burning solid propellant as being less
than 10). The flame thickness is on the order of 0.1 mm (100p)
as noted in Section II. The solid phase heat-up zone thickness
is given by aXatke/¥, and taking «p=z.002cw'/sec and v=.5cm/sec
(which are typical values, see Section VI), we find aX = $on
at about 1000 psia. Consequently a one-dimensional approxima-
tion is not a bad approximation. For low pres?gafs and burning
rates it becomes increasingly better. (Steinz has concluded
that a one-dimensional approximation can be used as high as
1500 psia.)

The approximation of a homogeneous solid phase, requires
that the solid phase heat-up zone L2 large in comparison with
the effective heterogeneity of the propellant. The best mea-
sure of the heterogeneity is the mean AP particle size. Most
of the propellants which were used in the experimental work
for this thesis were composed of 70% - 180p AP and 30% - 45
AP (by weight). This indicates there were 4 or 5 times as
many of the smaller AP particles than of the large. Thus we
take 451 as an effective measure of the heterogeneity in a
so0lid propellant. Consequently, at high pressures, the hetero-
geneity is of the same order of magnitude as the thermal pro-
file depth. However, the homogeneous approximation is still
applicable, because the burning surface is so much larger than
the average particle size that local differences are averaged
out over the burning surface giving the effect of a homogeneous
propellant.

The one-dimensional combustion wave which is used for the
theoretical model of the depressurization process, pictures
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a sub-surface heat-up zone in the solid, an exothermic surface .
heat relzase, and a gaseous oxidizer/fuel (O/F) flame (see

Fig. 2). The solid phase is described mathematically by the i
non-steady Fourier heat conduction equation. Because of its
non-linearity, this equation is solved numerically. The solid
phase is ccupled to the gas phase by the heat flux at the solid-
gas interfoc=. Part of this heat flux comes from thé O/F flame
whilz the re.t comes fiom the surface heat release.

Following Steinz and Summerfield(zz), this "surface" heat
release is subdivided into an endothermic decomposition of the :
solid occurring right at the surface, followed by an exothermic :
gas pnase reaction occurring very close to the surface (very
thin with respect to the O/F flame thickness) (See Fig. 2.). :
The endothermic process decomposes the fuel into gaseous vapors ;
and decomposes the ammonium perchlorate intc ammonia and per- .
chloric acid. The exothermic process represents the very
rapid reaction of these last two components, ammonia and vper-
chloric acid, in an ammonia/perchloric acid (A/PA) flame, in
wnich the gaseous fuel acts oaly as a diluent. At high pres-
sures this A/PA flame is effectively collapsed and, being very
thin. all its heat release is conducted back into the solid
{(hence the term "surface" heat release). However, at low pres-
sures, the A/PA flame becomes distended (finite kinetics) and
only a portion of its heat release s conducted back into the
solid; the remainder is carried downstream into the ingequent
oxidizer/fuel flame by the gaseous products. Steinz has
shown that the kinetics of this A/PA reaction are not sl ow
enouch to causz2 it to distend significantly, &Xcept at pres-
sures of about one atmosphere or lower. Thus the effect of
the distended surface reaction is important in those extin-
guishment cases in which the theoretical results are to be
compared with experiments which were conducted by exhausting
tc sub-atmospheric pressures. Since all of our experimental
data were cbtained by exhausting to atmospheric pressures, and
since extinction normally occurred some 10 to 20 psi above
ambient, we have used the collapsed surface heat release ap-
proximation in all cases. For completeness, the equations
for the distended surface reaction are given in subsecticn IV-E.

This A/PA f_ame is sufficiently exothermic to make the over-
all process at the surface appear sxothermic. The extent of
the exothermicity of this "surface” heat release increases with
the AP content of the propellant. At normal AP loadings, about
two thirds of the heat received by the solid phase comes from
this surface heat release. The second-stage oxicizer/fuel
flame contributes the remainder of the heat tc the solid phase.

Finally, tiie granular diffusion flame theory(42) is used
along with the proper application of the quasi-steady gas phase

analysis to describe the gaseous oxidizer/fuel flame and to
de ice the heat feedback from the gas phuase. In order to
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apply the GDF theory to the particular type of transient
which typifies the depressurization process, a slightly dif-
ferent interpretation of the GDF model is necessary. This

mcdification is discussed below.

The reason for choosing

this physical model of the solid propellant flame is that

the GDF model includes both the diffusional mixing and the
chemical reaction characteristics of the flame. Both of
these processes are important in the depressurization process.

B. The Granular Diffusion Flame Model for the Depressurization

Transient-Collapsed Surface Heat Release Model

The coordinate system which has been chosen for the analy-
sis of the depressurization process is taken to be fixed on
the burning propellant surface so that the solid is translat-
qaal to the instantaneous burning

ing at a velocity, Y(t),

rate of the propellant (see Fig. 1).

the solid phase can ther be written as
'T o7 - o7
AP 332 +peCe ) Sx = 5%

The surface pyrcolysis rate is given by the usual Arrhenius law,
-~ E:
r= a’ e 1R

The energy egquation for

(15)

(16)

Experimental measurements of the surface temperature of a burn-
ing solid propellant have been attempted by several investiga-
tors. A compilation of these experimental results is given

in Fig. 24 of Reference 80.

a small change in the surface tempsrature.

Although the data scatter between
the various experiments is corsiderable, there is a decided
increase in the surface temperature as a function of pressure.
From these results, we conclude that as the burning rate ia-
creases, the surface temperature increases, but that large
changes in the burning rate (pressure) are required to cause

This evidence

seems to suppor: the use of an Arrhenius relation between the

burning rate and the pressure.

In addition, the complex hydro-

carbon chain of which the fuel binder is compcsed, decomposes
into small gaseocus fragments at the surface.
these fragments to the complex solid phase is virtually impos-
sible, <o that a one-way decomposition, such as our Arrhenius
function, seems guite plausible for the binder (i.e., there

is no mass flux from the gas back into the solid). A similar
argument holds for the ammonium perchlorate for a different
reason. It is generally accespted that AP decomposes by dis-
sociative sublimation to gaseons ammonia and pexchloric acid,
and that two gases react violently upon decomposition (because
they are mixed on a mnlecular level) to form oxygen rich pro-
ducts. They probably react so rapidly that there is little
chance for the ammonia or perchloric acid to return to the solid
phase, so that the ammonium perchlorate decomposition is also

a one-way (far from equilibrium) process.
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The surface heat release is treated by the collapsed
approximation that was described in the previous subszaction
(i.e., the entire heat release is deposited right at the
surface), so that the surface heat release appears in the
heat balance for the solid-gas interface. (Section IV-G pre-
sents the equations for a distended surface heat release,
and it is shown there, that by taking the limit as the surface
heat release zcne goes to zero length, one cobtains the equa-
tions described in this subsection). The heat balance at
the solid gas interface is

137
oar)  _ - ;
~2p(5x/sp = rfe@s — 295x 5,9 (17)

Tm the gas phase, the con’inuity equation is given by

SUZ +-§?225,=¢D (18)
t x

and the energy equation takes the form

7‘ .
A,%%{-F,c,ug-i +Q;€P,=P:C:§% (19)

With regard to conservation of momentum in the gas phase, it
is assumed that v.sccous terms are small, and that the velocity
is much less than the speed of sound, so that the momentum
equation may be replaced by the statement that the pressure

is constant across the thickness of the flame zone. We also

. 5e the perfect gas law in the gas phase,

fng-ﬁTg (20)

We now invoke the quasi-steady gas phase approximation.
As mentioned previously, this approximation implies that the
time derivatives of the gas phase fluid dynamic equations are
small and can be neglected. Thus the continuity equation

(Eq. 18) becomes the simple one-dimensional, steady state re-
lation

P,u =P r (21)
and the gas phase energy equation becomes
Q:I. dr o =>
By defining the following non-dimensional variables
Qs Q= Qs é;.nZ;;LZé:.
H = (T —Too) CalTsye=Teon) T -Te
R=r/To T=t/xp/rs) R=X/iXp/rs) (23)
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we can re-write Equations 15, 17, and 22, in a more convenient |
non-dimensional form. The equation for the solid phase, Egq. 15, j

S Rp——_ B PTG T e )
'

becomes
2 6 _ o8

The heat balance at the solid-gas interface, Eq. 17, becomes

@_i’e)gir = Rr gg) - HR (.25)

and the gas phase energy equa‘lon, 22, becomes

‘i—f +§1 2r R(’Z)de v QEE Pale (26)

J adX :l:"z

This gas phase equation must now be integrated in order to
determine the heat feedback from the gas to the solid. We
can symbolically perform such an integration by considering
Eg. (26) to be a first order ordinary differential equation
having (d8/d¥ as a dependent variable. This integration gives

. 1 g
dO) e & s§ RX¢ _ - Q£ Py, Cr 25 RX
(4 c/X(27)
(dx JX 5‘5 [ a’ ’_°1,

Although (d6/dX) is not identically zero in the transient
case, the approximation is made that

-G 2,
9_‘_9) e <riy RX¢ 44( (28)
odX/g 2(‘§’

Physically, this approximation implies that the amount of heat
which is conducted from the flame to the burned gases (i.e.,
in the downstream direction) is much less than the amount of
heat which is conducted upstream into the cooler propellant.
The reason for this is that the downstream gases are at nearly
.he same temperature s the local flame temperature (beci.use
they have just emerged from the flame themselves), whereas the
surface is considerably cooler than the flame (by virtue of
the exothermic reaction that is taking place inside the flame),
and so, the amount of heat conducted from the hot flame to the
ccol solid is much larger than the amount of heat conducted
from the hot burned gases to the hot flame. The negative ex-
ponential also enters in such a way as to strengthen the in-
equality; the exponential term is always less than unity.

Thus tre equation for the heat feedback, Eq. 27, becomes

wad A

B v o oAt

i 'XF . L S

§ c

| %%) ~ f Qéipxrr oLARX 4x (29)
£ d S), 0 Ag r,”

E In order to proceed further, we need an expression for

the (spatial) reaction rate of the oxidizer/fuel flame. Fol-
lowing the GDF theory, we visualize two limiting cases. 1In
the first case, th:= burning is considered to be completely

-31-~

e T« RS C >t NS
=




controlled by diffusional mixing (such as would be the case
at high pressure and hlgh temperature). For *his limiting
case we represent beéw as a step function

i’gfiuﬁ = édh;; C’é-)ii&l(;

A In the second limiting case, the burning is considered to be
controlled by the chemical reaction (low pressures and low
temperatures) Here we represent p £a,as an impulse function

: occurring at X=Xg,and having the area Wey, ie., P’&” a.\-_uS‘CX-X,-_).
g \ This corresponds to allowing all the reaction to take place

‘ at the highest temperature.

(30

% i The magnitudes of the two constants, Wew and “Zd; , must

: be determined such that the proper amount of heat is released
in the flame. A heat balance carried out over the entire gas
[ phase (43) gives

gfse, Q‘E + —f (dng)Sj /R (31)

o ——

and, by integrating Eq. 26, the gas phase energy equation, from
zero to minus infinity, we obtain

—G’)?l + —’ JR[‘9F"9$] + —-—ﬂ—ffof"si.dxao (26a)

TR

T T e ANTETREST

Re-arranging both Egs. 30 and 26a we find

_ n 48
[6-&] - (c, g,./ 4;()43 (30a)

U 0 AN AR S Svment o Ae

0O

AT P M T I QT s

Q xe Ce 6 ~6] - £ 49
"7 aw C,fpasdx [6: - 65] - c:"f(d?rs,, (26b)

By comparison of Egs. 30a, and 26b, we find

ff’JéJX=-R('0'ht/°(') (32)

—
JP
Q
o
£
g
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P
Q.
>4
]
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£
e

(Pe%/xp) R (33)
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% And for the diffusionally controlled flame,
t > Xs X
e . = Wy, °f‘ = :
£ 5[)394”; JX dif A dX wd:ﬁ F
4 0
3 or
E - = rz :/
; Wy/s CDP °/0<p)(R' XF) (34)
Functional forms for the characteristic times of these

two limiting cases are given in Ref. 42. In terms of our non-
dimensional variables, these are

R At

i 4 th e
Ten Rgzar ,és A
. ATy, [ (Y7 - ]
T Tt REC expl R7%. /7;“_0 l) (35)
and
2. 53
| ‘ _Ap &Py, . BT
Saro

where A and B are constants to be determined from the pressure
dependence of the steady state burning rate of the particular
propellant. 1In keeping with our guasi-steady gas phase assump-
tion, we postulate that these same functional ferms hold during
the (quasi~steady) transient as well as dQuring the steady state.
During the transient we simply use the instantaneous values of
the pressura, flame temperature, and svrface temwperature. Thus
concisely, our quasi-steady assumption implies (a) the steady
state fiuid dynamic eg.aations hold (the time derivatives in the
gas phase are negligible), ari (b) the combustion process has
the same temperature and pressure dependeance during the transiernt
as during the steady state (the combustion process is quasi-
steady). However, the gas phase does have a non-steady char-
acter which arises from the non-steady surface boundary condi-
tions, and which results in a non-steadv condition at the down-
stream edge of the flame.

Having obtained :xpressions for the pressure and tempera-
ture depcendence of the two limiting flame types, we now choose
a simple combination of their characteristic times to defire
the characteristic time of the overall solid propellant flame.

Let
; 7 ’ . .
V"xm =V + l} Ten (37)

o
.
\
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This choice is identical to that used in the original GDF for-
rmulation (40) but it is expressed in a different form. This
combination was originally picked because it recovers the pro-
per pressure dependence at the low and high pressure regimes
of steady state burning, and also because of its simplicity.
It has since been shown to be the best such (simple) combina-
tion and represents the pressure dependence of the burning
rate quite accurately for a wide range of composite solid pro-
pellant formulations (38).

For our transient analysis, we must add one further exten-
sion to the GDF theory. 1In order to integrate the gas phase
energy equation, we need some combination of ew and GUJK;.

3 By analogy with the GDF assumption, we choose to weight these

i two functions by the square root of their characteristic times.

¢ Thus the spatial dependence of the overall reaction is described
by

Pbé:z .%;g “%w SZI('JC{)'f

Resc

(38)

: The justification for this choice is that it has the desired

E limiting behavior as we go to either the purely diffusional
controlled limit, or the purely chemical reaction controlled
limit and provides a smooth transition between these extremes.
Further, this form is normalized so that the proper amount of
heat is always evolved. Finally, it is an algebraically man-
ageable expression.

Returning to our Eq. 29 we can now perform the indicated
integration by using Eg. 38. We find

d6 Zf QR -Se 2y 22 RXs
JX)S” [Qf? 8 Ty As
; (39)

T (1-¢ c,a,xx;)/( RX;)]

and if we consider U as an average gas velocity, we can asume
that & = Xg/¢pa, ©OF in non-dimensional form,

ﬂ Ar & ‘
XF/TR;A/ Ay Xg / Tone (40)

From this we obtain the final form for the heat feedback from
the gas phase,

TV

-y

Ay /d [ -R"7, et nc + eR RtncHi I (41)
Ar ) Z}yn d—’q € (l R*7q

A rclatlon for the flame temperatvre is given in Eg. 31,
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of this gas phase model. First of all, we are dealing with a
solid which is inhomogeneous. Thus the gaseous decomposition
products will likewise be unmixed and will include separate
"pockets" of oxidizer and of fuel vapors. Before chemical
reactions can occur, these constituents must mix by diffusion.
At low pressures, this diffusional mixing will occur rapidly
whereas the chemical reaction will be relatiwely slow. At
high pressures the converse will be true; the chemical reac-
tion will be rapid while the diffusional mixing will be rela-
tively slow. The existence of these two pressure limits must
be accepted, although they need not both be important. For
example, the "high" pressure limit may occur so lov in pres-
sure that the chemical reaction is always so fast tnat it is
never important in normal solid propellant burning. Sirilarly,
the low pressure limit may occur so high in pressure that, at
normal pressures, diffusion is so fast that the flame always
behaves as if it were pre-mixed. Our problem is to determine
at which pressures these two processes are important, and to
do so, we use the GDF theory. Extensive previous experience
with the GDF theory (38) has shown that at normal, high pres-
sure, steady state burning, the flame is primarily controlled
by diffusion; the chemical reaction is considerably faster
than the diffusional mixing. However, at pressuv.es around one
atmosphere the chemical reaction begins to become the more
important process.
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In addition to its pressure depa=ndence, the chemical re-
action will have a strong dependence on the flame temperature
through an Arrhenius term. A decrease in the flame temperature
will measurably siow the chemical reaction. Diffusion will
be only weakly dependent on the temperature. During the de-
pressurization transient the flame temperature drops consider-
ably below its steady state level so that the chemical reaction
becomes markedly slower, and eventually as the point of extinc-
tion is approached; the chemical reaction becomes the dominat-
ing process in determining whether or not extinction will actu-
ally vccur. The analytical form we have chosen for the descrip-
tion of the gas phase flame allows for the change-over from a
diffusionally controlled flame (at high pressure, steady state
conditions) to a chemical reaction controlled flame (at low
pressure, transient conditions). (Note that in order to evalu-
ate the chemical reaction part of the flame accurately we must
know the low pressure steady state burning rate behavior of
the propellant, because at high pressures the chemical reaction
characteristics are so rapid that they scarcely influence the
pressure dependence of the burning rate.)

C. Application of the Depressurization Model to Steady State

Burning

The depressurization model developed above includes two
constants, A and B. These constants are to be determined
from the steady state burning rate of the particular propel-
lant of interest. In order to determine these constants, we
now specialize the equations of our combustion model to apply
specifically to the steady state case.
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During a steady state condition, the solid phase is des-
cribed by the ordinary differential equation (set the time
derivative equal to zero in Eq. 24)

J36 dée
S = +R =0 43
ax: T7 ax (43)
The cold end boundary condition requires that
O (e0) =0 (44)
Interface conditions require that
( ) %) _HR (45)
SP 1’ 2.4 $9
and

The general solution of Eg. 43 is
— -RX
O(X) =¢C, 4-(;,63

By applying the cold end boundary condition (Eq. 44) and the

temperature matching condition at the solid-gas interface
(Eq. 46), we obtain

(47)

~ = o RX
a(X)=6; € (48)
By differentiation, we find the gradient at the surface of the
solid,
ae) - - R 0; (49)
X 5P
The heat balance at the surface then requires tha’
24 (28 3X = - R(6;-H) (50)
Ap 5.3

In the previous sub-section, we integrated the gas phase
energy equation (under the guasi-steady approximation) and
obtained (Eq. 41)

:, .J (ae) [‘r—q -R Rmc +('- éRtT;EAC) MTJ{F
: Ap JX:QQ 47:;;: R

Ty (51)
7;an
For the present steady state case we merely replace the general
. non-steady gradlent (3&»’3]()&, by the specialized steady state
gradient which is given in Eq. 50 above. Thus we obtain the

; relatlon
9:—1'1- [{—-—'QRT““+(I nnc)d'z:lﬁ ]

r
- /P[AC

(52)
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These equations are used in conjuncticn with the experimentally
measured pressure dependence of the steady state burning rate
to determine the burning rate constants, A and B, in the manner
described in the following paragraphs.

For completeness, we group (and re-number) the equations
which are used to solve for the burning rate constants, A and
B. The specific equations are the pyrolysis relation (Eq. 16):
the relations for the two characteristic times (Eqi. 35 and 36)
and the combination of these two times to form the character-
istic time of the overall flame (Eq. 37): and the steady state
heat feedback equation (Eg. 52).
- Es / - ]
R~= exP[ /1173,. ( /75,,,, 1) (53)
.. |
Tt eso £, /- 3
~ = I~ § - 3
Tew = r exp / R5e ( 7;»!!9 I)] (54) 3
— S/ — 7/g //3
Cre = fREO SREO (55)
drf )
1 'I’% !
«‘) + ¥ Qs
TREHC c” (56)
-2, . Y ~ 7
—_ Q ;l';, C’R REAC_,_("C‘R TR“C) ’Z:l:'F
6,—H= >/ CH ﬁti’
REAC kA (57)

Note the Eq. 53 is the non-dimensionalized form of the pyrolysis

— 1
relaticn, Eg. 16.

The reference surfzace temperature,750, ana the reference
flame temperature, Tge, are assumed known, as are the flame
activation energy, £, the surface activation energy, £s, and
the surface heat release, H (see Section VI-A). The steady
state flame temperature is determined as a function of pres-
sure from adiabatic flame temperature calculations for the
particular propellant composition. The steady state burning
rate is known as a function of pressure from experimental mea-
surements. Thus the only unknowns in this set of equations
are the burning rate constants, A and B.

The determination of the burning rate constants, A and B,
proceeds as follows. First, a par:.icular pressure at which 3
the burning rate has been measured, is chosen. The correspond-
ing surface temperature is calculated from the pyrolysis re-
lation, Eq. 53. The flam: temperature is determined from

st
AL a2,

R
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adiabatic flame temperature calculations. An arbitrary value
is then chosen for the constant, A, and fzy is then calculazted
from Eq. 54. The constant, B, is then calculated from Egs.

55 and 57 (by iteration). (Note that if the burning rate

were measured at only one point, our system would have an
arkitrariness in it, such that for any "A" chosen. a corres-
ponding "B" could b~ found. However, the pressurc dependence
of the burning rate is used to remove the arbitrariness.)
Then, using the same arbitrary value for the constant,A, cor-
responding constants, B, are found for the experimental burn-
. ing rate at each of the measured pressures. The mean square

x deviation from the average value of B is then determined.
Successive values of the constant, A, are chosen until som=
value of A is found which minimizes the sum of the mean square
deviations of each of the calculated constants, B (at each pres-
sure at which the burning rate had been measured), from the”
average B (foL the particular value of A). The "A" and the
average 'B" at this minimum are taken as the "best" fit of

the steady state burning rate theory to the measured burning
rate data. In actual practice, o decisive minimum was always
found (except as noted i.i Section VI-B).

oy e Py

It is interesting to now compare this modified version
of the GDF theory with the standard GDF model for steady state
burning. These models become similar when the product ® T reac
is greater than (say) two. 1In such a case we can neglect the
exponential terms, because

’ -7
: e R L¢ [ (58)
E ok With this approximation, the feedback Eq. 52 becomes
3 ; 2: _ %
&-H Voie — or __l;_._.le.-, z"ﬂ" 1/7'—' (59)
é 62 /2 Q;EM R d? 233 Renc

3 If we further consider the flame temperature and the surface

3 temperature as constants (which is a good approximation during
steady state), we can write the expressions for the character-
€ istic times as (see Egs. 54 and 55),

- T
Ten = a/F',z ond “ 8/P"/3 (60)

so that the steady state burning rate is approximately given by

; = (T %
{ __’. = E_‘..:f-l IZZttAc [d/P + ﬁ/P'/z] (61)
: 1:&;

R Q

Neglecting the pressure dependence of the fourth power of the
indicated ratio of the characteristic times, tl is expression

is of the same form as the standard GDF burning rate expression,
namely

-38-
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t=7*pn (62)

-t

In a steady state situation, the approximation,& ‘AS#&<<c l,

holds from high pressure down to nearly atmospheric pressure,

Lecause although R* decreases with pressure, the characteristic

time increases with pressure. However note that during the

depressurization transient this exponential cannot be ignored.

In extinguishment case-, R goes to zero while g, remains
finite. Hence during extinguishment e ®*T{gac _ l.0.

L. Comparison of Present Depressurization Model to the KTSS
Model

A theory of non-steady burning has previously been pub-
lished by the Princeton group (43). This previous model,
which will be referred to here as the KTSS model, is intended
for the analysis of combustion instability probiems. 1In this
sub-section we present a comparison between the theoretical
model which is presented in this thesis and the KTSS model.
The difference between these two mode!’: is in the handling of
the quasi-steady gas phase. Because the instability problem
is concerned with small excursions about some mean burning
level, the instability model need be only a local theory (in
the sense that it applies to only small changes in pressure
and temperature). The depressurization problem on the other
hand, requires a mocre global analysis because the analysis
must apply all the way from normal operating pressures down
to atmospheric (or sub-atmospheric) pressures. The depres-

surization analysis must also deal with large flame tempera-
ture variations.

In the KTSS analysis of the gas phase, they derive a re-
lation for the heat feedback which is of the form

— = = —— \ P AR (63)

where the term, ¢(P), is a function of pressure only, which
is determined from the steady state burning characteristics
of the ~ropellant. 7hev argue that the exponential term is
negligible at high pressures, and hence can be ignored. From
steady state relations, they evaluate ¢(P) as

- -(28) R )
$ep) = (;}C 59 R (

But as noted before (see Eq. 50), the steady stats heat feed-

back from the gas phase to the solid is given by

20) _—-/9,-#)R (59)
QX)s,g (‘95 ) ‘
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So

- -7
$P) = (3s-H) R (65)
and the KTSS feedback law is (for the transient case)
R -H
99 - _ R ) (66)
2 19 xrss R

In the KISS model, a steady state burning rate equation of the
form R:-P" was vsed, and the pyrolysis law was of the form,
R= 8™, where m is a constant. Thus the KTSS feedback equa-

tion 1is . "/
1369 f’ (P -#)
= R {67)
3X 5.9 k7ss

where P ”’1s the steady state surface temperature correspond-
ing to the instantaneous pressure P.

Returning to our depressurization model, let us, for re-
ference, re-write Eq. 41 which specifies the heat feedback

from the gas phase during a transient.
d’& $
' (41)

-R ng R Tamc
ZrCX)s ’. -mlﬁ-' +(1-e ) "'Z"ur.

The corresponding equation for steady state burning is (re-
arranging Eq. 52)

5" [F -E‘;;oc"_(’ C'R ?““)W

ra —‘R;Qel (52a)

In order to obtain the KISS feedback law, we now make the ap-
proximation that the flame is purely diffusionally controlled

and hence that
' ] 1 V4
1 23{5 27 1[752;:

so that as a consegquence

Thus the transient and steady state feedback Eg. 41 and 52a
become

-r? 7,
As é’e\ - a (‘_ le) (68)
-y =7
A - -R ¥
_.3_._? = ( I= ‘ ;) (69)
Q R 'Z:u;
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Now, as in the KTSS development, we neglect the exponential
terms in Egs. 68 and 69, and we have for the transient case

2Ar (30 =_ @ .
A5 13X 5,9 /R Qs (70)
whereas for the steady state equation we have
?Q~ = El(é's "H) (71)

4

By comparlsonz%{th the KTSS theory, we see that their ¢(F) term
(Egq. 65) in non-dimensionalized form is eguivalent to Q/’t’.m. in
our development. Thus if we assume yy = 7,,;, i.e., if we ignore
the temperature dependence of the dlffu51ona1 time w2 have

¥3
’ B" Tra
Yie = 2, = U o3 (72)

'114 /3
’ktt P

Hence for the transient feedbzck we have

39) - — Rlcés -H)
(JX 19 R (73)

3 which is identical to the KTSS feedback law, Ec. 67, when
; written in the linearized form (in which the exponential term
- is drcpped)

Pih[ph/'n‘”
A (:29 = - 7R

Ap X (67a)

5’7 K7Ss

. ; In summary, we see that if we neglect the chemical-reaction-
rate part of our model, and if we drop the temperature dependence
of the diffusional time, we will obtain the KTSS feedback law

as a special case of our deoressurlzatlon model. At high pres-
sures, the approximation Tgis“*?? 4 /> does indeed hold, so
that a small perturbation solution of the depressurization
model at high pressures would be similar to the KTSS small
perturbation sclution. However at low pressures (which are
generally not of interest in instability) the two models

would predict quite different results because the chemical
reaction term could no longer be ignored.

Despite the fact that the chemical reaction term can be
legitimately ignored in the instability problem, it cannot be
ignored in the depressurization analysis. As we have indicated
3 before, the chemical reaction term is the most important term
in determining whether or not extinction will occur. Also the
GDF steady state theory is a better representation of the
pressure dependence of the b\*r’nng rate over the wide pressure
ranges of interest than is the R 2 P" formulation which is used
in the KTSS model.
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Finally 1t should be pointed out that the linearized form
of the KTSS feedback law, Eq. 67a, can never predict extinction
because the entire feedback expression is multiplied by a fac-

tor of 1/R. Thus as R approaches zero, the heat feedback be-
comes infinite so that extin~tion can not occur. A similar

problem is encountered if we try to use the straight line inte-~

gration of the gas phase energy equation as was done in the
original formulation of the GDF theory (42). It is for this
reason that we have had to modify the integration of the gas
phase in our development of the GDF model for the depressuri-

zation analysis.

E. The Vichnevetsky Numerical Inteqration Procedure

Tne numericzl integration procedure which was used for
the solution of the solid phase eq?zgion (Egq. 24) is based on

a method suggested by Vichnevetsky

The method consists

of initially discretizing the time coordinate so as to obtain
a system of ordinary differential equations in the spatial
coordinate X. The resulting equations are non-linear due to

the presence of the burning rate term, R.

for solving these ordinary differential equations is to choose
a guess value for the buraing rate, R, and obtain the solution

The normal method

of the ordinary different-al equation and then use the solu-
tion to guess a better valuc for the burning rate. Thus
eventually the solution is found by iteration. However each
time a numeri:al value is chosen for the burning rate, the
resulting eguation becomes linear (i.e., the non-linear term
is, replaceé by a constant). Vichnevetsky's method uses this
fact to sepaiate the se. ond order equation into three first
ocracr ordinary different iil equations by means of linear dif-
ferential operators. These first order equations are then

integrated numerically in such a direction (i.e., either posi-

tive or negative) as to make the integration stable. The
resulting system is computationally stable as has been shown
by Vichnevetsky. Stability has also been shown empirically

by comparing results obtained with the Vichnevetsky integration

with the results of standard numerical integra*tion schemes

which are easily shown to be stable. An outline of the method

follows.

Rewriting Eq. 24 for the solid phase

3% 36 26
— R an— : a——
3 *NxX T 37

and the corresponding boundary conditions,
S Coe) =0

28] _ J(R,P)
(9K$ = J(R,

where ‘p(R,P) is the function given in Eq.

the time derivative by a finite differgnce

obtain the ordinary differential equations
-42-~
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We then replace the unknown R by a "guess" value, Rg, and ob-
tain a linear, constant coefficient equation. Hence we can
identify the linear operators L, L, and L2 as

L=d X +RydAX - Va1

(76a)
L, = d/&dX - A (76D)
Ly = d/dX -2~ (76¢)

where Ll and L2 are defined such that
L = L1L2 = L2L1

(the operators are commutative). The values for A2 are

R z ( '
A =5 L (g’) + Yy (77)

Let A. be the positive definite root, and Az the negative de-
finite root. We now define three new functions 7 &), Z(X) and
U4(X) such that they satisfy the equations

L,(?l) = (dz;/JX) - 2/7/ = T3

(78a)
L (%)= (d%/dX) =227 =0
(78b)
LolT) = @BAUR) - 2T =-8" /a7 o
and since .
Lem) = L] = L LG] = -6 -
and
LLn] =4, [Le(%)] =L, [o] =0 o

we see that any linear combination of T and T will satisfy
the differential equation. Hence we set

8'X)= T(R)+ %L (X) (81)

-43-
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We must now pick the bourdary conditions forT. ’ 71,, and Ts
such that &’ , as defined, will satisfy the required boundary
conditions. First we note that in order to obtain stable in-
tegrations, we must integrate the L, operator in the negative-X
direction and the L, operator in th% positive-X direction. 1In
this manner the solatlon we obtain will always be of the form
e" ax (where A%o0) so that any error will decay expcnentially

as the lntegratlon proceeds. (Note that if our solution were

of the form e**X , and we integrated in the positive-X direction,

any errors would grow without bound, however, by integrating
from infinity to zero any errors decay.) Thus, we will want
to specify boundary conditions for Te and T3 at X=0 (and
integrate positively), but we must specify the boundary condi-
tion for 7, at X=oe (and integrate negatively). This also
allows us to satisfy the split boundary conditions without
iteration.

By substitution it can be shown that the following choices
for the boundary conditions for the functions T, ,7%, and 73

?;(“.)‘-‘-0 ’Z;-LO) - [ 73 (0) = 12 8"'LD) (82)

will satisfy the boundary conditions which have been specified
for & (Eqs. 44 and 74) provided we chocse the constant €3 as
indicated below. Substitution of thz boundary conditions into
Eqg. 81 gives

O'to) = T toe) + €37y Coo) = (83)
and
d¢ (PR) = ("7' d%
(dX),, ¢ “ d& /x:0 (84)

Now, the equation for 'Z'z(x) can be solwved analytically to give

% (X) = X 85)

and since A <02 we see that Tl °‘)=0, so that the first condi-
tion, Ec. 83, on O is satisfied@, because Ml{®0) is also zero,
see Eg. 82. From equations 78a and 78b we see that

é.—z-"/ = 1,’[,'/"[3/
X=o

dX X=p (86a)
d7T

_____z/ = A0, / (86b)
dX e x=o
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Inserting these in Eqg. (84) and solving for ez , we find

. PR P) ~2, e - T3(0)
Cs = 2 (87)
A Tz(o)

and using the boundary conditions, Eg. 82, we have

DR,P) — A, T(2) - A2 9'..160)

3=

-
e %

Thus we can solve for the functions T3 and % by integrating
in the positive-X directian. Then, knowing T3, we can solve
for 7, by integrating in the negative-X direction. From these
we can determine the constant C, and then tabulate the non-
dimensional temperature, &, as”a function of X.

In the actual integration, the fourth-order Runge-Kutta

method of integration was used. This method is advantageous
in that it requires no starting routine. Rather than apply
the cold-end boundary conditions at infinity (which is impos-
sible in a numerical solution), the boundary conditions were
applied at some "large" wvalue of X. The actual position at
which the boundary conditions were applied was determined by
calculating the depth (ingg the propellant) at which the tem-
perature would drxop to 10 times its value at the surface
if the current burning rate were a steady state burning rate.
As the burning rate drops during the depressurization, the
temperature profile penetrates deeper and deeper into the
solid. Correspondingly the numver of intervals used in the X
coosdinate during the depressurization was increased as the
burning rate decreased (the interval size was held constant).
When the non-dimensional buriing rate dropped lower than about
R=.05, the number of X intervals was no longer increased.
(Specificalily, the cold end boundary condition was applied
at a non-dimensional depth X = 10/K, when R .s the instantaneous
non-dimensional burning rate. The actual physical depth at
which the boundary condition was applied, is given by =X &Xe/Ve .
Using the same value for thte thermal diffusivity which is
used throughout the rest of the thesis, namely &¢ =.00029 in

/sec., and using a nominal value of .25 in/sec for the re-
ference burning rate, Yo, we find for the two extremes, R = 1.0
and R = .05, that the cold-end boundary condition is applied
at depths of 0.01 inches and 0.20 inches respectively. 1In
our experiments, propellants which were .5 inches thick were
used. Consequently, these dept*s for the cold-end boundary
condition seem acceptable, i.e., they are still inside the
preopellant.) The number of mesh points used in the X coor-
dinate varied between about 150 and 1600 for any given depres-
surization. Variations in step size and number of steps showed
this approximation was adequate.

T

A variable time step was used in the computer solution.
For each computer run, the conputation was started with an
initial time step, 47T = 0.01, in non-dimensional units. As
the computation progressed (and the magnitudes of the time
derivatives decreased) the time step was gradually increased
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to a maximum step size of AT= 1.0. Various checks of this time
step interval indicated that it was adequate. The checks con-
sisted of using constant time steps, and of halving the time
step intervaul. If the time step were increased by very much
over the magnitudes indicated above, the computed results be-
gan to show a weak dependence on the size of the time step
which was used. The numerical results based on the Vichnevetsky
integration were also compared with numerical results which
were obtained by using the more conventional finite differenc-
ing method for Eq. 24, namely the explicit method

Iy ¢ I s g i 4
BU;:—I:: R [6@2-4%111.+ jzéq'":zéz.'*éLl’

a7 24X AX?*

where superccripts represent the time coordinate, and subscripts
represent the spatial coordinate. The integration by means of
Bq. 90 requires a stability condition, &¥ /4R * <« .5 , and
this condition was observed in the calculations based on Eq. 99.
The results of the Vichnevetsky integration agreed very well
with the integrations based on Eq. 90.

]
l
kd

?

(90)

A final check on the numerical solutions was to ascertain
that the computer program would calculate steady state condi-
tions (without drift or offes=2t) at each of several pressure
levels. These steady state checks were of especial useful-
ness because the complete steady state s»lutions could be o¢b-
tained analytically, so that a direci¢ determination of the com-~
puting error could be made. Thus, this check was used to en-
sure that no programming errors, algebraic or sign errors, or
computational errors were present in the final computer program.
The steady state checks were made in two ways. First, an ini-
tial temperature profile corresponding to a given pressure
level was input to the computer as an initial condition. Tne
corresponding pressure was then input as a forcirg function
independent of time (i.e., the pressure was specified as a
coenstant for all time). The check consisted of observing that
the calculated results did not drift from their initial values
as time progressed. This steady state check was run for a
sufficient time to ensure that very slow drift rates were not
present (specifically, the steady state was computed for time
intervals which were similar to the time intervals necessary
for the prediction of extinction). The second steady state
check was to ensure that, after starting from one steady state
profile, the computer solution would eventually move to the
proper second steady state profile, if the pressure were held
constant at the level corresponding to the second steady state
profile. Thus, of the two steady state checks, one ensured
that, given an initial steady state, the transient computer
solution would maintain that steady state without drift (if the
pressure were held constant). The second ensured that the com-
puter solution would "hom2" towards a desired steady state
level if it were started at some other level.

Conceptually speaking, the overall calculatior. process
for the transient burning rate as a function of time, proceeds

-46—
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as follows. At any given time step in the solution, the tem-
perature profile in the solid for the previous time is known
as a tabulated function of the spatial coordinate, X. For

the first time step, the temperature profile at the previous
time is just the initial condition; for all other times, it

is the most recentlv calculated temperature profile. To Ob~
tain the temperature profile for the next instant of time, an
initial guess value for the burning rate is first chosen.

The heat feedback from the gas phase to the solid is then cal-
culated for the particular guess value of the burning rate.
Then the equation for the solid phase, Eq. 75, which is now
linear (since R(t) has been replaced by a constant) is solved
as indicated above to give the temperature profile in the
solid. The surface temperature corresponding to this profile
gives a second value of the burning rate through the Arrhenius
pyrolysis relation, Eg. 53. This burning rate is then compared
with the previously guessed value of the burning rate, and a
new guess is made for the burning rate. This establishes an
iterative loop which proceeds until the guess value of the
burning rate is within a cextain, specified tolerance of the
calculated (from the pyrolysis relation) burning rate. Eg. 24
and its associated boundary conditions, Egs. 41 and 44 were
programmed in the Fortran IV computer language (according to
the method described above, see Egs. 75, 78, 81, 82, and 88)
and was solved on the following IBM computers; the IBM 7094,
the IBM 360/30, the IBM 360/67, and the IBM 360/9l. An aver-
age computation time for one depressurization was about 30
seconds on the 360/67 computer when a Fortran "H" compiler

was used.

F. Plausibility of Transforming From an Infinite Domain to

a Finite Domain for the Numerical Solution of the Solid
Phase

In several previous studies (4, 8, 43) which dealt with
non-steady burning of solid propellants, an exponential co-
ordinate transformation of the form Z = e ~ has been used to
transform the semi-infinite solid into a finite domain {©,1 ).
If we apply such a transformation, Eq. 24 takes the form

30 L (- 28 _ 268
s ,)e‘+( R)zaz 5T Q<2 <1 (91)

The numerical solution of the problem in this coordinate system
is made simpler because of the finite domain. However we also
note that this form of the equation has a singularity at 2 = 0
(the cold end). This singularity can create problems which
will more than offset the convenience obtained by eliminating
the semi-infinite domain. One example of the type of problem
this singularity can introduce is seen by considering the
steady state solution. An analytical expression can be obtained
for the steady state solution, hence we can make an exact

error analysis of a numerically determined steady scate solu-
tion by a simple comparison. Of course, even if our numerical
scheme predicts the correct steady state solution, we cannot

-47-




R —— WY R A

infer that it will produce correct transient solutions, but
certainly the converse is true; if our numerical scheme pre-
dicts incorrect results for a steady state, it will also give
incorrect transient predictions for excursions between two
zteady states.

Thus we consider the solutions of the equation

_—

z‘de-u/ ra)z =0 0LZ < (92)
Jdz*
with the boundary conditions
gcs)=0 (93)

(?_E = P(PRR)
QZ '3y

(94)

where we have chosen to apply the cold boundary condition,

Eg. 93, at 2 =4 (where §<«< ] ) rather than at Z = O in order
to show the importance of this boundary condition. The solu-
tion of Eq. 92 which satisfies boundary conditicns 93 and 94 is

é(Z)M., = ‘-’%’-’3’(2“- f’a) (95)

The "exact" soluticn (for the cold boundary condition applied
at 2 = 0) is given by setting $=0 is ihis expression, i.e.,

O(Z) pper = w') ZR
§=o R~

Note that because of the ZR term, this =steady state sclution

is non-analytic at Z2 = O except in the special case when R is

an integer. However, the application of finite difference

methods to the solution of this problem assumes the soliution

can be expanded in a Taylor's series at every point. {Alter-

natively, finite difference approximations can be thought of

as locally representing the solution by a polynomial in Z,

but there are no polynomials in Z which are non-analytic at

the origin.) Thus the region near 2 = O cannot be approximated

accurately by finite differences.

One simple alternative for the case in which R >»1 is to
apply the boundary condition, 93, at Z =§ #0. In this manner
the integration doesn’'t have to go all the way to the singu-
larity. From the analytical expression for the steady state
solution we see that this approximation will give an error of
the order & ® ~ 5 (i.e., for R 21, §%e& ) which becomes an

increasingly becter approximation as the magnitude of R increases.

Numerical solutions of the steady state problem have indicated
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that this procedure does indeed give accurate results during

a steady state. 1In fact for the case of R 2 1, the boundary
condition can be applied at 2 = 0 (i.e., we can use a Taylor's
series expansion about the non-analytic point) without creating
large (steady state) errors.

The case in which R «{ 1 ( which is of interest in the de-
pressurization problem where R must approach zero) is quite
different. In this case the first derivative (9873t ) of
the steady state solut.on is infinite at Z = 0. Applying the
boundary conditicn at Z =& is completely unacceptable even
for very small values of§ . An example of the magnitude of
the error involved in applying the boundary condition at &= .00%
is shown in Fig. 3 for the case when R = 0.3, Visual inspec-
tion of the corresponding "exact" steady state prcfile imme-
diately shows why such errors are encountered. Numerical tests
in which the boundary condition vas applied at 2 = O, but in
which the non-analytic solution ~as represented by finite dif-
ference formulas, indicated errors of this same order of mag-
nitude in the steady state solutions. (This merely implies
that it is impossible to find a polynomial in 2 which has an
infinite slope at Z2 = Q.)

Numerical solutions were obtained for transient prob»lems
in both the finite domain "Z" and the semi-infinite domain "X".
Considerable differences were noted in the predicted extinc-
tion boundaries (on the order of a factor of 2). For this
reason and in view of the discussion presented above, we con-
clade that the exponential ccoordinate transformation cannot
be used for the depressurization problem. It is however
appropriate (and useful) for pressurization problems in which
the transient non-dimensional burning rate remains greater
than unity.

A recent paper which discusses various ways of transform-
ing infinite and semi-infinite proplems into finite domains
has been published by Sills (45). Sills suggests the above
discussed exponential transformation as being appropriate for
this purpose. He mentions the necessity of ensuring that the
quantity 380/d% (in terms of our variables) remain “Hounded as
Z-»0. However he states that he has found no physical situa-
tion in which this derivative does become unbounded and hence
that it is not a serious drawback. Our problem represents a
case where the gradient is unbounded so that we should expect
to find problems.

G. The Granular Diffusion Flame Model for the Depressurization

Transient -- Distended A/PA Flame Model

In this subsection we modify the eguations which descrike
the depressurization transient to include the effects of a(22)
distended A/PA reaction. Following Steinz and Summerfield '
we visualize the A/PA reaction as a pre-mixed flame (because
the reactants, ammonia and perchloric acid, are premixed on a
molecular scale following their generation by the decomposition
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of the AP crystals), and as having a first order pressure
dependence.

We visualize a model which includes two separate gas
phase flame structures as shown in Fig. 2. The enecrgy equa-
tions for these two flames are given as

%0 . Ap S g0 7&pix Q
axt'i‘ CpRax + ;-{-C-;—P’—e‘;;- =0 )QSXS X, (97)

and
9% ,2p Cq .3 . AE X Hr
2 +2f DA R= +
Q}C‘ A: Cp X ':‘C,f%lx’

for the O/F flame and the A/PA flame respectively.

=6 0=<X< X, (98)

The integration of the O/F flame proceeds exactly as be-
fore except for the change in the lower integration limit.
In a manner analogous to that used in Subsection B to obtain
Eq. ~7, we find 1 ¢
£ £ RX
(4 N aR: J(' _"_:_.i‘z Q e
dX/g+ °Xz €9 P %3

and applying the same approximations for é as before (see Eq.30)

Ae (48 { 7 o -3 -‘foc‘xr) %G k)
33 dx (2 1Tnm "'9 K(Xt"‘t)/ L

wuere x is the flame thickness whlch we previously
called ;x;.Agaln making the approxlmatmn that &C(xn-xz)/‘truc
we finally obtaln

..R .
(JO) [{—" % @ TMA‘ +(1~-€ -t Tksne) "I;.’; ] (1o1)
aX ’Z'.“. aac

which represents the heat feedback from the O/F flame to the
outer edge of the A/PA flame (and is analogous to Eq. 41).

JX (99)

(100)

We now symbolically integrate the A/PA flame as in Egs.

27 and 99 X‘ _5f
Xf Rx: de - A SK Cf
(a) (& )s,; f —'——f-f'“”" R R S

Since the A/PA reaction is a premixed flame, we approximate {}
as a delta function (to be consistent with our handling of
the O/F flame).

Tnus we let

Py Er = wen §(Xs) (103)
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and the resultant integration gives

( ( e 4 N Re™Rs (104)
A VX 3’

and as before we approx1mate

a2 G P - .
= 23 —éf' 73 X’/TI XI/TI (105)

Or, finally 2
: 1’ d9) 2 (4O) |y R] e K (106)
E )Q% Ap \JdX/ g~ T

; Where the c?ig?cterlstlc time for the first order A/PA reaction
; is given by

% p exp 7z, Miaeo = 1] (107)

; To complete the solution,we have two interface conditions.
The first is the trivial relation between the A/PA flame and

At the solid-gas interface we have

: ' 06 — A3 7d6 -
| %) =% C%),, - R

where H_ is the endothermic heat sink associated with the de-
com9051§10n of the AP and fuel binder.

For comparison with the results for the collapsed surface
reaction case we now write

3 £ 3 I3
: do ~-R Cr
29) =3 J+HR{ € - Hs R 11
¢¥1()sf' Z.qo ':’iz s (110)

where

4R - 1‘2} R Teene ‘V’ZJ s

".ﬂz--—.’[}zﬂ Tei-® )L (111)
R*® Y A

Using similar notation, the results for the collapsed A/PA ap-
proximation are expressed as (see Eq. 41)

<d‘9/dX)s,,. =@t HR (112)

/
Taga
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From the definitions of H_ and H_ we see that H = H_ - H_ so

that in the limit as Qf'gaes to Bero, the distended’a/pa®model
approaches the collapsed model (as it should).

This expression implies that as the surface reaction be-

gins to distend it not only decreases the "effentive" surface
heat release where

RITI
- >4
Here = Hr @ - H; (113)

but it also acts as a barrier between the O/F flame and the

solid surface so that less heat is fed oack from the O/F flame
as well.

H. oOQualitative Discussion of the Effect of the Distended
A/PA Flame on Extinction

Before discussing the effect of the distended surface
reaction we must carefully specify the situation which we are
considering. Two distinct cases can be noted. In Case I, we
will analyze a given set of steady-state P-R burning rate data
in either of two ways: with a distended or a collapsed surface
heat release. 1In Case II, we will compare a fictitious propel-
lant whose surface heat release is completely collapsed with
a propellant which has a distended ammonia/perchloric acid
(A/PA) flame such that the steady state burning rate character-
istics of the two propellants differ because of (and only be-
cause of) the differences in the surface heat releases.

In Case 1, where we consider twc different methods for
analyzing tne same propellant, the amcunt of heat which is
conducted into the sclid during a steady state must necessarily
be the same in both analyses. As usual, this heat comes from
two sources, the oxidizer/fuel (O/F) flame and the surface
heat release. In the collapsed A/PA flame analysis, all the
surface heat release goes into the solid, whereas in the dis-
tended A/PA flame analysis, only part is conducted back into
the solid. Thus, in the distended reaction case, the O/F flame
has to feed more heat back into the solid and it must conduct
it through the "insulating" layer of the distended A/PA flame.
As a consequence the GDF theory predicts the O/F flame will be
thinn.r in the distended A/PA flame analysis than in the col-
lapsed analysis. This shows up in terms of different values
for the burning rate constants, 2 and B, for the two analyses.
The term which includes the effects of the distended surface
reaction is the exponential, @ A*% (see Eq. 110). During
a transient, the instantaneous burning rate dro s below the
corresponding steady state burning rate while the character-
istic time increases over its steady state value. The overall
effect is that this exponential is closer to unity during a
transient than during steady state (i.e., the A/PA flamz is
more distended in a steady state than in a transient). Thus
for the distended A/PA flame analysis, thne transient effect-
ively compresses the distended A/PA zone from its steady state
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thickness and brings a thin {relatively) O/F flame closer to
the surface. For the coilapsed model no such —~ompression is
possible. Meanwhile changes in the O/fF flame from steady state
to transient are about comparable for the two analyses so

that because of the "compression" of the A/PA region during

a transient, the distended A/PA flame model predicts that a
given propellant is more difficult to extinguish than does the
collapsed surface heat release model.

In Case II, where two different prcpellants (which are
distinguished by different steady state burning rate character-
i1stics) are considered, the oppousite conclusion is reached.
Since we visualize the same O/F fiame for these two fictitious
propellants, the burning rate constants, A and B, are the same
for the distended as for the collapsed reaction. (But the
amount of heat conducted into the solid is different for the
two propellants.) In this comparison, the diste” *. . surface
reaction acts only as an “insulator"” between the « : flame
and the solid so that the propellant with the distended &/PA
flame is easier to extinguish.
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SECTION V

EXPERIMENTAL RESULTS FOR COMPOSITE PROPELLANTS

An extensive experimental program has been undertaken to
determine the extinction characteristics cf several propellant
formulations. The results of these experimental tests are pre-
sented in this section. Comparison of the theoretical extinc-
tion predictions with these experimental results is deferxed
until Section VI.

A. Ceneral Description of the Experiment

Experimental tests of the extinction characteristics of
various solid propellant formulations were conducted by using
the combustor which is shown schematically in figure 4. The
combustor consists of a cylindrical section which is open on
both ends. A blank plate is bolted to one face of the cylin-
drical section to form the bottom of the combustor and to
support the propellant sample. The other end of the combustor
is enclosed by a copper plate which contains the primary (large)
nozzle. A double diaphragm mechanism similar to ones used in
shock tubes is then placed on top of the copper nozzie and is
used to obtain the desired pressure decrease. As indicated
by the schematic, the combustor has been carefully designed
so ar to minimize erosive burning effects and to cause the
propellant to burr in a one-dimensional manner and hence to
be as similar as possible to the one-dimensional theoretical
model. Visual inspection of many extinguished propellant samples
has verified that the burning surface is remarkably level and
smooth. A photograph of the assembled combustocr is shown in
figure 5.

The propellant samples were cast into circular steel cups
which were either of two heights; 3/8 inch or 5/8 inch. The
sides of the cups served as inhibitors for the edges of the
propellant and insured that combustion occurred only on the end
surface of the propellant sample. The cups filled the entire
cross-section of the combustor which is nominally two inches
in diameter.

In conducting the experiment, the propellant sample is
placed in the bottom of the combustor as indicated in figure 4.
Two burst diaphragms are positioned as shown, and the cavity
between them is pressurized. The propellant is then ignited
by means of a bag of propellant shavings and a hot wire. The
exhaust jases initially pass through both the primary (large)
nozzle and the secondary (small) nozzle which is situated in
the side wall cf the double diashragm apparatus (see figure 4).
Because of its much smaller size, the secondary nozzle con-
trols both the flow and the chamter pressure so long as the
diaphragms remain in place. The primary (large) nozzle does
not affect the flow until afte: che diaphragms are removed.
The diaphragms are chosen so that they are strong enough to
withstand the differential in pressure between the combustion
chamber and the pre-pressurized cavity, but not strong enough
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to withstand the differential betweer the chamber pressure

and atmospheric pressure. Consequently when the propellant
has reached the desired steady state operating pressure

(which is determined by the size of the small nozzle) the
pressurized space between the two diaphragms is vented so

that the chamber pressure causes both diaphragms to shear
cleanly at the wall. The exhaust gases are then restricted
only by the primary nozzle and the chamber pressure drops
rapidly. Both the initial pressure level and the depres-
surization rate can be varied by choosing nozzles of different
diameters. The available sizes for the large nozzles ranged
between .138 inches and 2.0 inches in diameter. The smaller
nozzles ranged between .063 inches and .116 inches in diameter.

Sheet aluminum of four different thicknesses ranging
between .020" and .040" was used for the burst diaphragms. In
order to protect the diaphragms from the hot exhaust gases,
the exposed surface of the lower diaphragm was coated with a
thin layer of silicone rubber. This provided adequate thermal
insulation for the duration of a test run and prevented the
diaphragms from bursting prematurely due to heating effec*s.

The instantaneous chamber pressure was measured by a pres-
sure transducer which was mounted flush in the wall (except for
a 1/16 inch protective coating of silicone rubber). A PT76
Model Dynisco transducer was used. This transducer has a re-
sponse time of better than 0.1 millisecond, and is more than
adequate for the depressurizations of interest. In addition
to the pressure measurement, the flame radiation (in the visible
region) was monitored by a photomultiplier tube. Extinction
was determined to have occurred when (or if) the pnotomultiplier
output went to zero. The transducer output and the photomul-
tiplier s.ignal were recorded on an oscilliograph at a chart
speed of 120 inches per second. The more rapid depressuriza-
tion iere also recorded simultaneously on a sensitive tape re-
corder which has a frequency response which is flat to 20 Kc.
These tape recordings were later played back at a reduced speed
and re-recorded on the oscillograph. This allowed better time
resolution of the fast depressurizations.

B. Experimental Depressurization Resuluts For Ccmposite

Propellants

The experimental results which have been obtained with this
apparatus are presented in figures 6 through 24. For economy
of space and for ease of comparison, the corresponding theo-
retical results are also shown in these figures, but these theo-
retical predictions will be discussed separately in a later
section. All the results in these figures are given in terms
of the initial chamber pressure prior to depressurization, and
the initial rate of depressurization, (6p/dt),. The initial
value of the depressurization rate is not a unique variable
for determining when extinction occurs unless the initial rate,
by inference, specifies tl.e entire p~t curve. For example, if
the curve were exponential, then specifying the initial depres-
surization rate (and the initial pressure) would completely
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specify the entire depressurization curve. Similarly for a
combustor of given geometry, the initial Jdepressurization

rate will also specify the entire depressurization curve.

Such is the case for the data in figures 6 through 24. How-
ever, fcr combustors of different geometries, the same initial
{dp/dt), will in general ccrrespond to different depressuriza-
tion curves as discussed in Section V-B-e, entitled "Eifect
of Combustor Geometry".

All the experimental extinction data which are presented
in this thesis were obtained by venting to atmospheric pres-
sure. Because of this, nearly all the “"extinctions" were
followed by re-ignition. As indicated previously, extinction
was said to have occurred when the flame radiation went to
zero. However in almost all cases, the re-ignitior and burn-
out which followed these "transient" extinctions could also
Le verified audibly. This audible verification proved to be
a useful check for determining extinguishments and was used
in conjunction with the cessation of flame radiation.

The time interval between extianction and re~ignition was
generally on the order of one to five seconds. Permanent ex-
tinction did occasionally occur and although no trends were
apparent as to when the ertinction remained permanent, it was
generally possible < a‘hieve permanent extinction by going
to very high depressurization rates. It should be noted that
the extinction data which were reported by Jensen (4,5) were
also obtained by venting t> atmospheric pressure, but he chose
to present the boundary for permanent extinction. Still, most
of the data in this thesis are in qualitative agreement with
his in terms of the effects of different propellant formula-
tions.

Experimental results are presented for the following series
of variations in propellant formulation: (a) variations in pro-
pellant oxidizer (AP) loading, (b) variations in oxidizer (aP)
particle size, (c) different fuel binder types and (d) addition
of varying amounts of aluminum powder. For each propellant
formulation, the experimental data is presented in terms of
go/no-go extinction testing. Experimental runs which dié not
extinguish but which merely resumed burning at some lower steady
state pressure are indicated by darkened circles (see figure 6).
Experimental runs which extinguished and either remained per-
manently extinguished or re-ignited are denoted by open circies.
An "extinction boundary" is drawn between these experimental
extinction and non-extinction points for each propellant formu-
lation. Following these detailed results, a composite curve
showing the extinction boundaries for each propellant in the
current series of propellant formulation variations is given.

a. Effect of Changes in Oxidizer Loading

The effect of oxidizer loading on the extinction charac-
teristics of a solid propellant was determined experimentally
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for four different oxidizer loadings, 75%, 77.5%, 80.0% and
82.5%. A 70%/30% bimodal mixture of 18{),4 and 45m particle
size ammonium perchlorate was used. The fuel binder was PBAA.
The detailed experimental results for each oxidizer concentra-
tion are shown in figures 6 through 9. These results, as well
as all the other experimental results, showed that the extinc-
tion region couléd be separated from the non-extinction region
by a straight line boundary (in terms of initial pressure-
initial dp,’dt coordinates). The boundaries which were deter-
mined from figures 6 through 9 are shown together on figure

10 for comparison. This comparison shows that as the oxidizer
loading is increased, the propellant becomes more difficult

to extinguish. Increasing the oxidizer loading from 75% to
82.5% makes the propellant more than twice as difficult to
extinguish (in terms of the initial dp/dt). These results are
supported qualitatively by experimental results obtained bv
both Jensen (4) and Ciepluch (2), who also showed that increas-
ing the oxidizer loading makes a propellant more difficult to
extinguish.

;
3
§

b. Effect of Changes in Oxidizer Particle Size

The second series of propeilant variations deals with the
effect of changes in the oxidizer particle size. Three differ-
ent propellants, each having the same 75%/25% oxidizer - to -
fuel ratio, were tested. Unimodal ammonium perchlorate par-
ticles which had average particle diameters of 45a4 , 80a and
180m respectively were used in the three propellants. The de-
tailed experimental results are shown in figures 11 through
13. A composite curve showing the three experimentally deter-
mined extinction boundaries is given in figure 14. From these
results, we see that propellants having smaller AP particle
sizes are more difficult to extinguish (although for depres-

5 surizations which start at relatively low pressures - below
about 300 psia - the opposite effect may be noticed due to the
fact that the boundaries cross). As in the case of the oxidi-

: zer variation, the extinction boundary for the two extremes

F in particle size variation differs by more than a factor of

two at high pressures. Although the effect of particle size

is quite distinct in these figures, Jensen (4) has shown a
somewhat different effect. His results for propellants with
different oxidizer particle sizes =2gain cross at about 300 psia,
i but above 300 psia, the larger particle size propellant is the

' more difficult to extinguish. However, several variables were

1 different between his experiment and ours: First, as mentioned
; above, his results include the effects of re-ignition. Second,
his results are for comparisons between larger particle sizes

1 than ours--200s and 400 -- and he was using bimodal particle

: size distributions {small size being held constant in both size
and quantity). Finally he used a different fuel binder. Ciepnuch
also indicated that propellants having smaller particle sizes

X were easier to extinguish, however, he was testing an aluminized
E propellant. Thus the effect of changes in particle size does
= not seem to always be the same. No specific reason can be given
for these differences.
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c. Effect of Different Fuel Binders

Three different fuel binders were used to determine the
effect of fuel binder type on extinction. For each of the three
binders, the oxidizer loading was 80% by weight. The results for
the PBAA propellant are shown in figure 7 which was discussed
previously. The detailed experimental results for the PBCT
binder are given in figure 15; those for the PU binder are given
in figure 16. Figure 17 gives the composite results for all
three binder systems. In general there is little difference
between the extinction boundaries for the three different fuels.
They are all within a 20% spread at all pressure levels. At
high initial chamber pressures (around 1000 psia), the PBAA
propellant is the most difficult to extinguish while the PBCT
is least difficult to extinguish. At low chamber pressures
(around 200 psia), the extinction boundaries cross so that the
E PBAA and the PBCT propellants have similar extinction charac-

Loz R caniiats

teristics whereas the PU propellant is slightly easier to ex-
tinguish. Ciepluch (2) made a similar comparison of PBAA and
PU binders at one initial chamber pressure, 500 psia. His re-
sults, like ours, showed *hat the two binders were similar in
their extinction characteristics (but again his results were
for aluminized propellants). Jensen (4) did not test a PBAA
propellant, but he obtained results which showed that a PBCT
propellant was nearly twice as hard to extinguish as PU. The
probable explanation for Jensen's results is again that he con-
sidered permanent extinctions. For example, while obtaining the
experimental results reported herein, it was noted that re-

3 ignition was not nearly so prominent in PU propellants as it is
3 in PBAA propellants. Thus it appears that we would also have
shown a large diffewence between PU and PBCT propellant had we
determined the boundary for permanent extinction. However this
difference in "extinction" characteristics merely reflects the
fact that polyurethane propellants are more difficult to ignite
(and hence difficult to re-ignite).

1 d. Effect of Addition of Aluminum Powder

Varying amounts of aluminum powder were added to one pro-
peliant formulation to determine the effects of aluminum on the
propellant's extinction characteristics. Three different aiumi-
num concentrations were used; 0%, 7.5% and 15%. The propellant
oxidizer-to-fuel binder ratio was held constant at 77.5/22.5 for
all three aluminum loadings. This particular ratio was picked
because it has sufficient binder to provide a castable propel-
lant even at the 15% aluminum level (the highest solids loading).
The aluminum powder particles were about lEf.ln diameter. Re-
sults for the 7.5% and the 15% aluminum loadings are presented
in flgures 18 and 19 respectively. The 0% aluminum case is pre-
sented in figure 8, and was discussed previously. The composite
curve for aluminum addition, which is shown on figure 20 indi-
cates that, in general, the addition of aluminum (at constant
oxidizer-to-fuel binder ratio) makes the propellant more diffi-
cult to extinguish. Hcowever the effect is guite small; an in-
crease from 0% to 15% in aluminum concentration only raises the
extinction bonndary by some 15%. Here again the story is some-
what differen: at lower pressures. For initial chamber pressures
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below about 400 psia the addition of aluminum tends to make the
propellant easier to extinguish.

One propellant fcrmuvlation which contained 15% of a coarser
aluminum powder (120 gxversus 164 ) was also tested. The de-
tailed experimental results are shown in figure 21. Figure 22
compares the differences between the extinction bnundaries of
a propeliant having 15% coarse (120 @4) aluminum, 15% fine (15m)
aluminum and 0% aluminum. As can be seen, the effect of the
change in the aluminum particle size proved to be larger than
the effect of changing the alum.inum content from 0% to 15%.

The propellant with the coarse aluminum was easier to extinguish
than the propellant with the fine aluminum, but it was also
easier to extinguish than the unaluminized propellant. (In
actual practice, aluminum particle sizes which are larger than
40m are seldom used in solid propellants.) It is hypothesized
that the coarse particles were so large that they could not
melt before they were ejected into the gas phase. Hence their
effect on the surface heat release term (which is discussed in
the next section) is less than for small aluminum particles and
this effect probably explains the difference between the two
different aluminum particle sizes.

e. Effect of Combustor Geometry

Finally, experimental results have been obtained which in-
dicate the effects of chamber geometry on extinguishment. The
effects of chamber geometry were determined by inserting a
spacer in the experimental combustor. This new combustor had
the same surface burning area and the same cross-sectional area
as the original, but it had a larger volume due to its increased
lencth. The ratio of the lengths (and the volumes) of the two
combustors was about three to one. The detailed experimental
results for the larger combustor are shown in figure 23. The
propellant which was used for this testing was composed of 75%
AP and 25% PBAA. The AP was unimodal with an average particle
size of 180& . The results of testing this propellant in the
regular chamber were discussed previously and are sliown in
figure 13. A comparison of the results which were cbtained
with the two different chambers is shown in figure 24. Since
the same propellant was used in both chambers, the extinction
boundaries obtained with the two chambers should coincide (i.e.
the extinction boundary should depend cunly on the propellant
formulation). However they differ by a factor of two. Clearly,
then, the initial rate of depressurization is not an adequate
method for correlating extinctions wh.ch are obtained with com-
bustors having different geometries. 1In other words, as the
combustor ¢eometry is changed, the critical L* (based on the
final throat area) which is required to just extinguish the
propellant, also changes. It might appear that the critical L*
for a given propellant formulation would be the same no matter
what the combustor geometry. For example, in the case of a
simple "blowdown" process with constant temperature and with
no mass inflow, chambers of different shapes and sizes would
all have identical p-t curves so lcng as they all had the same
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value of L*. Thus one might expect that as the chamber length
is increased, the critical throat area (which would just ex-
tinguish combustion) wculd increase proportionately, i.e., that
extinguishment of a given propellant would depend only on the
intial pressure and the chamber L*. However, our experiments
have shown this to be untrue; when the combustor length was
increased by a factor of 3, the critical throat area (for
extinction) increased by only a factor of about 1.2, not by a
factor of 3. The reason for this is that the shape of the
depressurization curves of the two combustors is not alike:;

two separate phenomena combine to change the shape of the p-t
curve. First is the effect of the final pressure. If both
chambers had the same L, the smaller combustor would have a
higher final chamber pressure than the larger (if the propel-
lant continued to burn) by virtue of its smaller nozzle. Hence,
because of the higher final pressure, the smaller chamber would
be more difficult to extinguisk. Second is the mass inflow
effect due to continued combust -n during the depressurization.
This effect is negligible during the initial part of the p-t
curve, but at the low pressure end, the inflow and the outflow
must become equal (if the propellant continues to burn). For
the same L*, the smaller chamber has a proportionately smaller
mass outflow but about the same inflow. Therefore on a per-
~entage bacis, the smaller chamber has a larcer mass inflow
e“fect and so, for the same initial depressurization rate, the
l--wer end of the p-t curve from the small chamber has a gentler
siope. This can be seen by comparing a chamber with no mass
inflow (i.e. a pure "blow-dnwn" process) with a chamber which
has finite mass inflow during the dep-essurization. Clearly
the chamber with finite mass inflow would require a longer

time to empty and its p-t curve would have a gentler slope --
especially at the low pressure end of the depressurization.

In terms of extinguishment, this inflow process would require

a larger initial dp/dt to extinguish the smaller chamber. Thus
both of these effects show that the smaller chamber is more
difficult to extinguish in terms of the initial dp/dt.

C. Steady State Burninrng Rates of Propeliants

The pressure dependence of the steady state burning rates
of each of ithe propellant formulations which were used in the
depressurization experiments were measured in a strand buraer,
The apparatus and procedure is discussed in detail in reference 39.
The measurement consists of burning a 5 x % x % inch strand of
propellant in an inert N, atmosphere. The nitrogen servas both
as a means of pressurizing the strand burner and as a purge to
remove the exhaust products. 3ix wires are threaded through
the propellant strand at % inch intervals along its lenath. 23
the strand burns, these wires are broken in sequence. An electri-
cal impulse is used to determine when each wire breaks. This
impulse is reccrded on an oscillograph. The burning rate is then
determined by averaging the time required to break each of the
wires. Each strand of propellant was leached in water, dried,
and then coated with a thin layer of butyrate dope in order to
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inhibit combustion on the sides of the strand.

Por each propellant formulation, the steady state burning
rate was measured at each of twelve different pressure levels.
These pressures were chosen to be about equally spaced, in a
logarithmic sense, between ambieat pressure and 1000 psia. The
results of these steady state measurements are presented ir
figures 25 through 28 on log-log coordinates. These figures
show the dependence_of the burning rate on the pressure (log
P versus log R). P2/3versus P/R plots of the same data are
also shown on figures 29 through 38. The coordinates of this
latter set of curves are taken from the reqular granular dif-
fusion flame the2ory in which the burning rate of a selid pro-
pellant is given by (40)

%= %t b/r": or B4 =arbp’?

where a and b are constants to be determined from the steady
state burning rate data. In nondimensional form this relation

becomes p ‘ v
7 =:Ch13?%) *,(l»hy?%ﬁ' P

so that according to this equation the steady state burning rate
of a sol}d propellant would be given by a straight line in

P/R - P2/3 coordinates. The two terms "a" ané@ "b" are not
actually constants but really depend on the flame temperature

and the surface temperature, both of which vary so slo>wly with
pressure that they are normally assumed constant for steady state
work. However, we must include variations in flame temperature
and surface temperature because they become very important during
a transient. In addition, because of our interest in the trans-
ient, we are forced to use a different approximation in the
integraticon of the gas phase flame. For these two reasons, our
theoretical predictions of the steady state burning rate will

not be exactly linear when presentea in the P 3-p/R coordinates.
However the results will be nearly linear, and to emphasize the
similarity between this approach and the regular GDF theory
agpgoach, we have chosen to present all our data in terms of
p27/3-p/R.

The steady state burning rate data was fit to the burning
rate equation by determining the "best" values of the constants
A and B. The fitting was done by a least-squares method on the
computer as described previously in Section IV-C.

A tabulation of the A's and B's for each propellant formula-
tion is given in Table I. This table also includes the burning
rate at 1000 psia, and the pressure index, n, in the burning rate
relation, r=ap®, at 1000 psia. The P< 3-P/R burning rate curves
given in figures 29-38 show both the data points and the computer
curve fits. The burning rates of several of the propellant
formulations are not exactly described by the GDF theory. (A
thorough discussion of the region of validity of the GDF theory
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is given in reference 39.) Precise values of the burning rate
constants, A and B, are difficult to determine for such propel-
lants which don't fit the GDF theory precisely. This is es-
pecially true for the constant, A, the constant in the chemical
reaction term. There is no problew in obtaining precise values
for the constants, A and B, for those propellants whose bura-
ing rates follow the GDF theory quite closely.

One propellant formulation, the polyurethane, differed
grossly from the GDF theory. It exhibited a negative pressurc
exponent of burning in the region above 500 psia. Because of
this, no meaningful values could be obtained for the constants,
A and B, for the PU propellant. Hence, in the following sec-
tion on theoretical results, no predictions are given for the
PU propellant.
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SECTION VI

THEORETICAL PREDICTIONS FOR COMPOSITE PROPELLANTS

Various computer solutions to the combustion model have
been obtained and are presented in this section. Two differ-
ent types of depressurization p-t curves have been used to
obtain these solutions. One is an exponential decay which
was chosen for convenience in theoretical work and for easy
comparison with the results orf other theories. The second
is the actual experimental pressure-~time curves. Using the
exponential pressure decays, and correlating the results in
terms of the initial time derivative of the pressure, the
mcdel predicts the correct qualitative behavior for re-
sponses to changes in oxidizer loading, AP particle size,
propellant flame temperature, etc. However, since the ex-
perimental p-t curves are not exactly exponential, the theo-
retical results based on expcnential preszure decays cannot
be expected to give precise quantitative predictions. It
is for this reason that the experimental pressure-time traces
have been used.

A. Numerical Values for the Parameters in the Theoretical

Model

In order to make qualitative theoretical predictions, it
is necessary to specify definite numerical values for the vari-
ous physical parameters. The sources for these constants and
the methods used for determining them are given in this sub-
section.

The ambient temperature was taken to be 300°K for all our
theoretical work.

An apprcximate value of 16 Kcal/mole was used for the sur-
face activation energy. This value is based ?27Teasurements
reported by Schultz and Decker (46) and cCoates See also
the extensive reviews of references 22 and 35 .

Suriace temperatures which are around 850-950°K have been
reported for steady state burning of szélgggropellants at low
pressures (below 10-20 atmospheres For our calcu-
lations, we arbitrarily chose the steady state surface tempera-
ture of 80%/20%, AP/PBAA propellant to be 1000°K at 1000 psia.
Then, using the measured steady state burning rate of this pro-
pellant (at il00 psia), we calculated the magnitude of the pre-
exponential factor, &, from the dimensional form of the pyroly-
sis relatlon, r:=Q'exp-6/R%). This value for the pre-exponential
factor, a , was then used along with the 16 Kcal/mol activation
enerqgy (see above) to define the absolate value of tte surface
temperature, T_, for all propellant formulations as a function of
their burning rates.
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To facilitate the actual detection of extinction by the
computer, an "extinction" temperature (analogous to an ignition
temperature) of 600°K was specified. It was assumed that all
decomposition ceased at this temperature. Tests of the com-
bustion model have shown that the actual magnitude which is
chosen for the extinction temperature has a negligible effect
on the predicted extinction boundary so long as the cutoff is
less than about 650 or 700°K. This insensitivity justifies
the use of an "extinction" temperature (see alsc the discussion
in Section III).

The numerical values for the surface heat release were de-
termined by mass weighting an assigned exothermic heat release
of 250 cal/gm for AP along with an endothermic heat of decom-
position of 225 cal/gm for the fuel binder. These are con-
sidered to be nominal values and are taken from the review
which Steinz has presented(39). Because of a lack of data,
the latent heat of the fuel binder was considered to be the
same for all binder systems which were tested. 1In the case of
aluminized propell?gsi; the heat of fusion of aluminum, 68
cal/gm endothermic , was also included in the calculation
of the surface heat release term so long as the surface tempera-
ture was above the temperature at which aluminum melts.

Because of a similar lack of data, the thermal diffusivity
of the solid phase was taken to be the same for all prop=zllant
formulations except the aluminized propellant. The ratio be-
tween the thermal diffusivity of aluminized propellants and
unaluminized propellants was obtained from measurements in our
laboratory as discussed in Appendix III. These results showed
that a 15% aluminum content increases the thermal diffusivity
by about 35% (with rsspect to a non-aluminized propellant).

A value of .00030 in“/sec for the thermal diffusivity of an un-
aluminized progellant was used. This typical value was taken
from Barrere (21),

For each propellant, the non-dimensional heat release, Q,
in the oxidizer/fuel flame was determined from the calculated
adiabatic flame temperatures (see Appendix II) and the surface
heat re.ease. The variation in the adigbatic flame temperature
with pressure was included in the theoretical calculations by
specifying the heat release Q to be a function of the instan-
taneous pressure. In general, the heat release should also
depend on the flame temperature during a transient, but this
effect was neglected (see discussion in the next paragraph).

Within our quasi-steady approximation, the change in the
heat release, Q, with changes in the flame temperature (from
its steady state value) is readily calculable. We can visualize
the quasi-steady transient as a non-adiabatic condition in which
the non-adiabaticity is given by the difference between the
transient and the stes”; state heat feedback from the gas phase.
Thus as the flame temperature changes from its steady state
value, corresponding changes in the chemical equilibrium
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constants ( 'S) for the various reactions will also occur

as in a non-adiabatic flame. As a consequence, the heat re-
lease depends on the flame temperature. Although these changes
might be as important as the effect of pressure on the heat
release, they were, because of their complexity, ignored as
mentioned above.

B. Theoretical Predictions Based on Experimental
Pressure-Time Curves

The comparisons between the theoretical predictions of the
model which was developed in Section III and the experimental
results which were presented in Section IV are given in ficures
6 through 20. These predictions are all based on the experi-
mental pressure-time curves. To make the comparison between
theory and experiment as concise as possible, the figures which
show individual data points have been drawn with open circles
representing those cases which extinguished experimentally and
darkened circles representing cases which did not extinguish
experimentally. For a particular depressurization curve for
which the theoretical prediction agreed with the experimental
result, no other notation is made. Depressurization curves for
which the theoretical predictions disagree with the experimental
results are denoted by flags. Thus, an unflagged point repre-
sents agreement between theory and experiment, while a flagged
point indicates disagreement. A few of the depressurization
curves whose (dp/dt)o-P coordinates are far removed from the
theoretical extinction boundary were not actually run on the
computer; it was only inferred that they would behave as in-
dicated on the figures. It must be emphasized that the only
depressurization curves whose outcomes were not predicted
theoretically were those points which were sufficiently far from
the boundary that their final result was not in doubc. As in-
dicated on the curves, the theoretical extinction boundaries
were generally quite distinct so that such omissions are justi-
fiable.

A typical experimental pressure-time curve is shown on
figure 58, on semi-logarithmic cceordinates. Note that an ex-
ponential p-t curve would be a straight line in this coordinate
system, so that, consequently, this figure shows hcw far the
experimental curve differs from an exponential curve. A single
experimental curve has been plotted in three ways (namaly, ab-
solute pressure, gage pressure, and as initial pressure minus
final pressure), but none of the three curves are exponential
in form (i.e., none are straight lines).

a. Effect of Oxidizer Loading

The detailed theoretical predictions of the effect of
oxidizer loading variations on the extinction characteristics of
a propellant are shown on figures 6 through 9. The composite
of the experimentally and theoretically determined extinction
boundaries for all the propellant oxidizer variations is given
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in figure 10. All these figures show excellent agreement
between the theoretical predictions and the experimental
results.

Changes in the propellant AP loading were accounted for
in the theoretical model by three major parameters. First,
changes in the ctructure of the gas phase flame were taken
into account by cnanges in the burning rate constants, A and
B, of the GDF theory. Second, the magnitude of the surface
heat release, H, was changed in accordance with the AP con-
tent of the propellant in the manner which was previously
prescribed. Third, the gas phase heat release, Q, was varied
with the oxidizer loading according to the calculated adiabatic
flame temperatures.

! b. Effect of Oxidizer FParticle Size

The comparisons between theory and experiment for the AP
particle size variations is given in figures 11 and 13. As in
the case of the oxidizer variations, changes in the flame
structure due to AP particle size changes are taken into account
theoretically by the GDF description of the flame. However,
since only the oxidizer particle size was changed, and not the
oxidizer loading, the value »f the surface heat release remained
constant. Similarly the adiabatic flame temperature remained
unchanged because the chemical composition of the propellants
was the same. Again the predicted extinction boundaries are
quite close to the experimental boundaries.

c. Effect of Fuel Binder Type

The comparisons between theory and experiment for the dif-
ferent fuel binder types are given in figures 7,15, and 17. The
predictions for the PBCT propellant (figure 15) are again rela-
tively good (the maximum error is 20%), but these results are
not as close as scme of the other predictions. The primary
reason for the error in the predicted extinction boundary for the
PBCT piropellant is that the steady state burning rate of this
propellant is not described exactly by the GDF theory. The
region of validity of the GDF theory has be§n thoroughly ex-
plored by Steinz, Stang and summerfield (38) | Their results
show that the solid propellants which are used for most practi-
cal applications fali into the recion where the GDF theory is
valid. However, in an experimental study of the effects of pro-
pellant parameters, propellants which are easy to process and to
cast must be used. Hence it is not always possible to use pro-
peliarts which follow the GDF burning rate law.

T

TR Ry

Even if a given propellant deviates slightly from the GDF

E theory (such as the PBCT propellant), it is still possible to

determine values for the burning rate constants, A and B. How- )
ever, in such cases the steady state burning rate data form a

line which is not quite linear in P2/3-p/R coordinates and it ,
becomes difficult to determine precise values for A and B. The .
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value of A, the constant irn the chemical reacticr term, is
especially difficult to define precisely in such a situa-
tion. For example, visual inspecticn of the steady state
burning rate data for the PBCT propellant (Fig. 36) ghows )
that the fitted curve could be moved slightly and still (visu-
ally) fit the data as well as the computer_fit. Small changes

in the lower end of this curve can cause tairly signiticant
changes in the burning rate constant A. Ti:is situation could
be improved somewhat by measuring burning rates at sub-
atmospheric pressurcvs (but there the distended surface reaction
starts tc become .mportant). A check of the other steady state
burning rate curves shows that some of them also did not fit
the GDF theory exactly. This is particularly true of the par-
ticle size variations. Nevertheless the extinction results
turne? out somewhat better in these cases than for the PBCT.
The highly oxidized PBAA propellants are closely described by
the GDF theory so that the determination of the burning rate
constants, A and B, was quite precise for these propellants.

The propellant which contained the third type of fuel binder,
polyurethane, deviated drastically from the GDF theory. The
burning rate of this PU propellant exhibited a negative pressure
exponent of burning in the region above 500 psia. Because of
this, no meaningful values could be obtained for the burning
rate constants. Consequently no thecretical predictions have
been made for the PU propellant. The negative pressure exponent
of burning is cause?d by the phenomenon of intermittent burning as
discussed by Steinz 39). To the author’s knowledge, no steady
state theory exists t/hich can properly describe this phenomenon.
However, if such a steady state theory becomes available, it
could in principle be inserted into the present depressurization
model in place of the GDF thecry, and predictions could be ob-
tained for the PU propellant.

d. Effect cf Addition of Aluminum Powder

In our description of the non-steady kurning process in an
aluminized propellant, three separate factors were used to account
for the presence of aluminum in the propellant. first, the
addition of aluminum increases the thermal diffusivity of the
solid (as described earlier)}. Second, the aluminum changes the
magnitude of the surface heat release, and third, the addition of
aluminum changes the structure of the gas phase flame so as to

require a modification in the treatment of the gas phase heat re-
lease.

In considering the effect of aluminum on the surface heat re-
lease, we first of all note that there is no reason to suspect
that the aluminum alters the actual chemical decomposition process
of either the oxidizer or the fuel binder in any direct manner.
The aluminum can, however, produce indirect effects. For example,
if the aluminum melts while it is still inside solid phase of the
propellant, its heat of fusion can serve as an important heat sink
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inside the solid phase, and can lower the effective surface
heat release. On the other hand, if the aluminum does not
melt while it is inside the solid phase, it will not affect
the magnitude of the surface heat release. Accordingly, we
distinguish two separate cases as determined by the instan-
taneous temperature of the surface of the solid propellant.

We first consider the case where the surface temperature
of the propellant is above the melting point of aluminum.
Then, appealing to an equilibrium argument, we require that
the aluminum must melt before the oxidizer and fuel binder
decompose. We approximate this melting by a heat sink which
is concentrated right at the surface of th2 propellant. Its
magnitude is given by the heat of fusion of aluminum (as
suggested above). Thus, when the suiface temperature of the
propellant is above the melting point of aluminum, the aluminum
serves to decrease the surface heat release.

The second case occurs when the surface temperature of the
propellant drops below the melting point of aluminum. In this
case, the decomposition of the oxidizer and the fvel binder can
proceed before the aluminum melts. In fact, the aluminum can
not possibly melt until it reaches a region in the combustion
zone where the local temperature is above its melting point.
Thus, when the surface temperature of the propellant is below
the melting temperature of the aluminum, the oxidizer and fuel
binder decompose around an inert (solid phase) metal. Con-
sequently the aluminum has no effect on the surface heat re-
lease (save for the amount of AP and fuel binder it displaces).
In this case, we assure the aluminum receives its heat of fusion
directly from the gas phase (in some distributed manner).

Thus in our theoretical model, the surface heat release
of an aluminized propellant is discontinuous in the manner in-
dicated above. This is obviously an oversimplification. Such
an abrupt change certainly does not58$cur. However since the
melting point of aluminum is 9320k \ , and since the propel-
lant surface temperature ranges between about 1000°K down to
about 600°K (our extinction temperature), both of these ex-
tremes in the behavior of aluminum will probably be encountered.
our calculations predict that, during steady state burning con-
ditions, the surface temperature of the propellant will remain
above the melting point of aluminum almost all the way down to
atmospheric pressure. This indicates that the aluminum on the
surface will be molten during most steady state burning con-
ditions, as has been frequently observed experimentally.

Our modified treatment of the gas phase flame of an alum-
inized propellant is based on the physical observation that the
aluminum burns relatively far from the propellant surface (es-
sentially downstream of the O/F flame). In addition, our steady
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state burning rate curves show that the burning rate of a
propellant is alnost completely unaffected by the addition of
aluminum, provided the propellant oxidizer to fuel binder ratio
is left unchanged when the aluminum is added. Thus, both of
these obs2rvations indicate that the aluminum burns so far
from the surface that the combustion of the aluminum does not
constitute an important driving mechanism for the combustion
process. Consequently we view the combustion of the aluminum
as a sort cof "afterburning® process which doesn't affect the
propagation of the combustion zone. In view of this, we set
the "effective" heat releases in the gas phase flame of an
aluminized prcpeliant equal to the heat release in the gas
phase flame of a non-aluminized propellant (which has the same
oxidizer and fuel binder concentrations). We ignore the added
heat release due to the combusticn of the aluminum and merely
treat the aluminum as an inert in the O/F flame. This gives

an "effective" flame temperature which is slightly lower than
the flame temperature for the corresponding unaluminized pro-
pellant (by an amount equal to the heat of fusion of the alumi-
num plus the energy needed to raise the temperature of aluminum
to that of the gaseous combustion products).

It is well known that the addition of aluminum to a pro-
pellant will generally e}iminate high pressure instability.
Summerfield and Krier (81) have attributed this stabilizing
effect to a change in the surface heat release term (similar
to the one discussed above) and to a "thermal inertia”™ effect
caused by the globules of molten aluminum on the surface. They
have shown that this thermal inertia effect is very important
in an instability analysis, however, for the depressurization
case, the thermal inertia effect becomes quite small. The
reason for this is that the characteristic time associated with
the depressurization process is longer than the characteristic
time associated with the frequencies at which instabilities
occur. Fcr this reason, the thermal inertia effect has not been
included in this analysis. If it were included, its effect
would be to raise the extinction boundary (make the propellant
harder to extinguish) by less than about 5%.

The comparison between theory and experiment for a pro-
pellant which contains 15% aluminum is shown on figure 19. As
can be seen, the theoretical predictions once again show good
agreement with the experimental results. It should, however, be
noted that it would perhaps be more realistic to disregard any
heating of the molten aluminum droplets by the hot, reacting
gases in the flame zone. Such a calculation would raise the
effective flame temperature by about 100°K. This increased
flame temperature would then raise the extinction boundary by
an estimated 15-20%. This would then give predicted rerults
which were within about 25-30% of the experimental res.lts,
the predictions indicating that an aluninized propellant is
more difficult to extinguish than is actually the case.
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C. Sensitivity of the Theoretical Predicticns to the
Depressurization Curve

T

The preceding subsection has shown that the theoretical
predictions are, generally speaking, in excellent agreement
with the experimental results. As a further check of the
model, we have taken several runs which were near the theo-
retical (and experimental} extinction boundary and changed
the time scale of their p-t curves to determine the sensi-
tivity of the theoretical results to the p-t curve. Such
a sensitivity check was also made by Horton (27)who, 1like
us, used experimental p-t curves for his theoretical pre-
dictions.
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Horton's experimental results were less extensive than
ours in terms of the number of experimental data points
taken with each propellant formulation. Consequertly he
was unable to determine extinction boundaries as a function
of pressure as we have done. Thus Horton had to evaluate the
accuracy of his theoretical predictions on the basis of a
purely statistical tabulation. That is to say, each experi-
3 mental run gave him a "no" (the propellant did not extinguish)
E or "yes" (the propellant did extinguish) result. Similarly,

his theoretical model gave either a "yes" or "no" prediction

corresponding to each experimental pressure-time curve. The
percent of correct predictions (i.e., theoretical and ex-
perimental results of either "yes"-"yes" or "no"-"no", re-
g spectively) was used to determine the "accuracy” of his model.

la2aia)

Such a statistical comparison is a relatively insensitive check.
For example, if all the experimental results are near the ex-
tinction boundary, a very accurate model could give poor
statistical results. Similarly, by taking all the experimental
points far enough away from the extinction boundary, any theory
(even those based on dimensional analysis) should give good
predictions in a statistical sense. (Note that the prediction
that a propellant would never extinguish would be 50% accurate
statistically if exactly half of the :xperimental runs ex-
tinguished.)

TR T T YIRwrTrT

In an attempt to obtain further information as to the
accuracy of his theoretical predictions, Horton tried changing
the time scale of the p-t curves of some of the points which his
theory had predicted incerrectly. He found that the time scale
had to be changed by a factor of ten in some cases to obtain the
correct results. This, then,gives more of an indication of the

; accaracy of his theoreticai model than do his statistical tabu-
lations.
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By comparing experimental and theoretical extinction
boundaries, we have obtainec¢ a realistic measure of the accuracy
of our theoretical predicticns, however a change of the time
scale of the p-t curve can still give added information as to
the sensitivity of our model. A total cf three experimental runs
were chosen for use in this sensitivity check. One of these runs
had extinguished experimentally but the theoretical predictions
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had indicated that it would continue to burn. The other two
points had continued to burn both experimentally and theo-
retically. The time scales of the entire experimental p-t
curves for these three poinus were then "speeded up"” by a
multiplicative factor of .80 (i.e. 20% faster) to determine
if they were really as close to the extinction boundary as
indicated. The 20% increase in the entire p-t curves
naturally corresponded to a2 20% increase in their initial
depressurization rates and was sufficient to move all three
points into the extinction region of the map as shown in
figure 39. Using these "new" p-t curves, the theory cor-
rectly predicted that all three points which had previously
continued to burn (according to the theory) would now ex-
tinguish. Inspection of other runs occurring near the ex-
tinction boundary indicated that their final outcome could
similarly be changed (i.e., extinction to non-extinction, or
vice-versa) by a small change in the time scales of their
respective p-t curves. Thus our model proves to be quite
sensitive to the speed of the p-t curve in the region near
the theoretical extinction boundary.

D. Theoretical Predictions Based on Exponential
Depressurizations

The results which are presented in this subsection are
~11 based on exponential p-t curves given by the equation,
p=sPs + (P, -Ps) @xp(~mT)7] , where B is a non-dimensional
measure of the rate of the depressurization and is analogous
to (dp/dt),. Figures 40-42 show the variations of the burn-
ing rate, the flame temperature and the characteristic times,
as a function of time during two exponential depressurizations.
These two p-t curves differ only by the values of @ wnich were
used. The p-t curve with the larger 3 (i.e. the faster de-
pressurization) led to extinction, whereas the p-t curve with
the smaller @ (the slower depressurizaticn) resulted in con-
tinued combustion. The results are plotted against the prod-
uct @T rather than against the non-dimensional time, T ,
alone. This coordinate was chosen so as to make the two
curves coincic'~ at the start, (Note, that when plotted against
P, the exponential p-t curves for all values of 3 fall on
the same line.) Hence this choice allows us to compare those
changes which are due only to the dynamics of the problem.

The predicted transient burning rates for the two ex-
ponential depressurizations :re shown in figure 40. The cor-
responding steady state burning rate is also included for
reference. Note that the predicted transient burning rates
for both of these two depressurizations are always less than
the corresponding steady state burning rate.

The predicted transient flame temperatures for these de-
pressurizations are shown on figure 41. The steadv state
flame temperature, which was taken to be constant for these two
runs, is also included on the curve. The results show that
the predicted flame temperature drops considerably below the
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; % the steady state valve during both depressurizations. In
2 the case which continued to burn, the flame temperature re-
R covered and returned to its steady state level. In the ex-
s ‘ tinction case, the flame temperature continued to decrease
% until the extinction criterion was reached.
£
% The importance of thi§ decrease in flame temperature

is reflected in figure 42 which shows the characteristic
tim~s for chemical reaction and for diffusional mixing
during an exponential depressurization which leads to ex~
tinction. Again the steady state values are given for com-
parison. This curve dramatically shows that the diffusional
mixing term is the dominant (slowest) term at high pressure,
steady state operation, but that during the transient the
powerful Arrhenius term causes the chemical reaction term

to become the more important characteristic in the gas phase
flame., Ncte that because the characteristic diffusion term
is nearly directly proportional to the flame temperature,
diffusion actually occurs faster during the transient than
during the steady state. This unexpected result occurs be-

cause we include the gas phase density in our characteristic
time terms.

The sensitivity of the predicted extinction boundaries
to changes in the various parameters in the theoretical model,
are shown in figures 43-46. Each of these figures shows the
effects of two different types of changes in one particular
parameter. These two changes will be referred to as Case I,
and Case II (analogous to the cases discussed in Secticn IV-G).
‘ In Case I, the change in the particular parameter is accompanied
E: by changes in the burning rate constants, A and B (see equations
3 £ and 36), in such a manner that the change in the particular
parameter does not cause a change in the steady state burning
rate behavior. This corresponds to choosing two different
numerical values of the particular parameter when analyzing a
given propellant. In Casc II, the burning rate constants were
§ not changed when the parameter was changed, so that the end
: result was a shift in the steady state burning rate behavior
of the "propellant" due to the change in the parameter. This
case compares two separ: te (fictitious) propellants which
differ only by this one parameter.

The effects of changes in the surface heat release, H,
are shown on figure 43. The solid line represents the base
case. The line which is composed of both long and short
dashes corresponds to Case II (above). This curve represents
the case where the change in the surface heat release causes
a change in the steady state burning rate behavinr of the pro-
pellant, i.e., it shows the predicted effect of changes in the
surface heat release on the extinction boundary. The line
which is composed of all dashes, represents the result of
using two different numerical values for H in the theoretical
predictions. For example, if one is uncertain of the magnitude
of H by this amount, the predicted results will be uncertain
by the (large) amount shown by the comparison between this
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curve and the base curve. Thus, it is imperative that the
surface heat release be known accurately. (A .05 uncertainty
in H, corresponds to about a 10% uncertainty in the heat re-
lease given off upon decomposition of AP, or about a 30% un-
certainty in the latent heat of the fuel.) However, despite
the sensitive dependence of the predictions on the surface
heat release, the model is capable of preuicting the effect
of changes in oxidizer loading quite accurately (see Section
VIi-B-a), even though the surface heat release varies rapidly
with the percentage of oxidizer in the propellant. This
indicates that the method that was used to estimate the sur-
face heat release inust be reasonably accurate (cor else the
model would not properly predict the effect of changes in
the oxidizer content of the propellant).

Figure 44 shows the effects of a 300°K decrease in the
flame temperature. Again, the solid line represents the
base case, the line composed of long dashes represents Case I
(above), and the line composed of both long and small dashes
represents Case II. The results show that the shift in the
extinction boundary due to a change in the flame temperature,
that also causes a change in the steady state burning be-
havior (Case II), is quite large. However, the error intro-
duced into the extinction predictions by the use of an in-
correct flame temperature is quite small (in view of the fact
that flame temperatures can probably be estimated to within
1000K).

Figure 45 shows that the error introduced in the computer
predictions by the use of an incorrzct surface activation energy
is quite small, but that if the surface activation energy is
somehow magically increased without affecting the other char-
acteristics of the propellant, extinction occurs much mors
easily.

For our exponential depressurizations, changes in the
steady state flame temperature with pressure have been ignored.
For most practical propellants, this is a good approximation
(see flame teperature calculations in Apperdix II). Since
the flame temperzture is constant, the steady state burning
rate is completely independent of the flame activation energy.
Consequently Cases I and II are identical in this case. Figure
46 shows that if the activation energy of the fiame of an
actual propellant is increased, the propellant becomes much
easier to exti.guish. (This is because of the importance of
the Arrhenius term during depressurization.) Similarly, the
use of an incorrect flame activation energy in the theoretical
model would strongly affect the theoretical predictions. This
is especially important since the flame activation energy is
so poorly known.

By way of summarizing figures 43-46, we note that uncer-
tainties introduced into the theoretical predictions by un-
certainty in the flame temperature or the surface activation




eners; are quite small. Mowever, uncertainties in the flame
activation energy and surface heat release cause large un-
certainties in the theoretical predictions. By testing
several propellants with different surface neat releases, we
have been able to increase our confidence in the values of
the surface heat release which have been used. Unfortunately,
no such check is available for the flame activation energy.

Figure 47 shows that a 25% change in either of the burn-
ang rate constants, A or B (see equations 35 and 36), causes
2 change of about the same magnitude in the extinction
boundary. However, a 25% change in B, the constant iun the
diffusional term, corresponds to a much larger change in the
steady state burning rate than does a similar change in A.
An increase in B essentially corresponds to lowering the
entire burning rate curve by a relatively large, constant
percentage, while an increase in A corresponds to lowering
the entire curve by a small, constant increment. At high
pressures, this latter effect is not even noticeable, but at
low pressures it becomes significant. Thus the value of the
constant, A, in the chemical reaction term is relatively sen-
sitive to small changes in the low pressure end of the burning
rate curve. Because of its importance in determining "A", we
see that the low pressure end of the steady state burning rate
curve is just as important to the prediction of extinction as

~is the high pressure end. The converse argument also applies.

The chemical kinetics affect only the low pressure end of the
burning rate curve. 1If there is a change in the chemical
kinetics, the high pressure end of the burning rate curve re-
mains unchanged, but the extinction characteristics of the
propellant can change significantly.

From a physical viewpoint, an increase in either of the
congtants, A or B corresponds to an increase in the respective
characteristic time. Consequently when either A or B is in-
creased, the propellant becomes easier to extinguish (because
the gas phase flame moves farther away from the surface). In-
creasing either of the constants, A or B, corresponds to de-
creasing the steady state burning rate. Thus all other things
being equal (i.e. surface heat release, flame temperature, etc.),
a propellant which has a high burning rate (at all pressures)
will be difficult to extinguish. This explains the limited
success (and the short-comings) of the "non-dimensionalization”
theories; in general, sll other things are not equal so that the
effect on extinction of an increase in the steady state burninrg
rate cannot be determined without also including a complete
analysis of the changes in the other propellant parameters.

Figure 48 compares the extinction boundary as a function
of the initial pressure for two different final chamber pres-
sures, 40 psia and 20 psia. The predicted extinction boundaries
differ by about a factor of two for these two different final
pressures. These results show that a lower final pressure
favors extinction.
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E. Theoretical Predictions of the Importance of the Shape
Depressurizaticn Curve

The experimental results of Section V have shown that
changing the combustor geomet:y, and hence the shape of the
p-t curves, has a significant effect on extinguishment (when
expressed in terms of (dp/dt), and p,). To obtain further
insight intc this problem, an analytical study of the im-
portance of .he shape of the p-t curve on extinction was
undertaken. 1In this study, two exponentials with different
decay rates were connected together to determine which part
of the p-t curve is the most sensitive indicator of the
occurrence of extinction. The two exponentials were joined
so that the pressure was continuous at their junction, but
so that the slope of the pressure was discontinuous. The
point of the junction of the two exponentials was chosen as
the time at which the pressure had dropped -ne "e-fold"
below its initial value (see figure 49). The relative rate
of decay of the two exponentials was then varied and the ex-
tinction boundary was determined as a function of this ratic
between the two decay constants.

Results have been obtained for two cases in which the
pressure was varied between 1000 and 40 psia, and 250 and
20 psia, respectively. The resuits are shown in figure 50
where the abscissa represents the final decay constant,p‘z,
and the ordinate represents the initial decay constant, # 3.
The line along which @, =3; is shown by a dashed curve.
3 This special case represents the smooth, one step exponential
curve which was used in the previous subsection. These re-
sults show that as the ratio between the decay rates of the
two paris of the p-t curve is changed, the value of the initial
derivative of the pressure which is required to just extinguish
combustion varies over very wide limits. This agrees with the
experimental results which showed that for ccmbustors of dif-
ferent geometries (between which the shape of especially the
low pressure end of the p-t curve differed), the initial
pressure derivative was not a good indicator of the extinction
characteristics of a propellant. For example, note that when
: : the initial decay constant is changed by a factor of 10 (from

0.1 to 1.0), the final exponential decay constant which is

r required to just extinguish combustion, changes by only some
15 to 20%. This implies that the rate of depressurization at
the low pressure end of the p-t curve is a much mcre sensitive
indication of whether or not extinction will occur than is the
intial rate of depressurization.

I SR

It must be understood that the point of intersection of
the two exponentials is very important in determining the
relative sensitivity of the two parts of the p-t curve. For
instance, had we positioned the junction point after a one-
and-one-half or two "e-fold" drop in the pressure, the initial
exponential would have taken on more importance. Thus these
predictions justify the suggestions which have been made by
Von Elbe (10 ' Cohen (° . and others, that as an enginearing
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approximation, the pressure decay rate at the low pressure

end is a better measure of extinction than is the intial

decay rate. A corresponding physical argument is that since
the actual extinction process does take place at low pressures,
phenomena at low pressures are likely to be most influential
ir causing extinction. Again, we caution that still the en-

tire pressure decay curve can be important in the extinction
process.
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SECTION VII

EXTINGUISHMENT OF DOUBLE-BASE PROPELLANTS

In this section, we consider the extinguishment charac-
teristics of double-base propellants. Double-base propellants
are distinguished from ammonium perchlorate composite propel-
lants in that the fuel and oxidizer are homogeneously mixed
on a ..olecular scale, and because the constituents are (gen-
erally speaking) primarily a mixture of nitrocellulose and
nitroglycerin. Some brief experimental results are presented
and a theoretical model of the depressurization transient in
a double-base propellant is described. Because of the present
limited understanding of the steady state combustion process
in a double-base propellant, it has been impossible to present
as accurate and thorough an analysis here as was done for the
romposite propellants. However, there are several reasons for
including a section on double-base propellants. First of all,

n~ theory for double-base propellants indicates how the de-
¥ surization model for composite propellants can be modified
+. include other steady state theories. Second, the work on

d. uble-base propellants serves to emphasize the fact that there
arc significant differences between the physical characteristics
of the flames of a composite propellant and a double-base pro-
f pellant. Because of these differences, the previous GDF descrip-
; tion of the depressurization process is limited to composite

T ———

t propellants and should not be used to describe double-base

! propellants. Finally, it emphasizes the fact that a proper

} physical description of the flame is necessary in order to ob-
l tain accurate transient predictions.

i

i

A. Physical Description of the Combustion Process in
Double~-Base Propellants

’ s One obvious difference between composite and double-base
i propellants is that different ingredients are used in the two
propellants (generally speaking, double-base propellants are
composed of nitrocellulose and nitroglycerin). However, in
addition to this compositional difference, the fuel and oxidizer
4 . in a double-base propellant (unlike those in a composite pro-
‘ pellant) are pre-mixed on a molecular level. A given molecule
in a double-base propellant can contain both the oxidizer and
the fuel for the ensuing chemical reaction. As a result of
these two differences, the flame of a double-base propellant is
3 considerably different from the flame of a composite propellant.
However, despite the fact that the ingredients in a double-base
propellant are pre-mixed, the flame of a double-base propellant
is more complex than that of a composite solid propellant.

A physical description of the combustion process in a
- double-base propellant can be obtained from various experimental
observaticns. The combustion wave in a dcuble-base propellant
consists of the following parts. First is the heat-up zone in
the solid which is accompanied by sub-surface chemical reactions.

-77-

e .

. i T SV S N T RS




TR TN

T

N

g

YRS

mmmwmﬂa
3
:

¥

b
¥

takac 0

TR

- . MR 2 D
e DT A IR IS -2 s, A "

B s

yon

SRy e

These reactions decompose the solid and eject reactive par-
ticles into the gas vnhase. These particles combine exo-
thermically very near to the surface in the so-called "fizz
zone" and cause a steep rise in the temperature profile. This
rapid gaseous reaction is followed by the so-called “dark
zone" which is characterized by a plateau in the temperature
profile. At high pressures, a luminous flame appears at the
end of the dark zone and the temperature profile rises rapid-
ly to the adiabatic flame temperature.

It is generally afcepted that the sub-?gfface reaction
is exothermic (5 Crawford, et. al. have indicated
that the energy contrlbuted by the solid phase reactions repre-
sents a significant portion of the energy which is required

to decompose the surface. Klein, et. al. (5 2) have further
contended that this heat production must occur very near to

the surface of the burning propellant because of the low ther-
mal conductivity of the solid and because of the Arrhenius
dependence of the reaction on the local temperature. Samples
of gas taken near the surfﬁgi)of a burning double-base pro-
pellant by Tajima, et. al. have shown that free radicals
are present, but there has been no evidence of high molecular
weight products. Tajima, et. al. have interpreted this to

mean that extensive degradation must take place in the con-
densed phase. Crude estimates of the depth of the sub-surface
reactions have been se§ at 104 by Klein, et.al. and 50-300

by Heller and Gordon (® )

As suggested above, the surface decomposition is followed
immediately by a reaction between the decomposition products.
Th%ssseaction yields such intermediate products as NO, CO, and

and ralses the ?as temperature to about 1500°K very
near the surface (® The thickness of this reaction zon
has been estimated as one millimeter by ge}ler and Gordon (55
and as tenths of a millimeter by Sarner

At low pressures no further reaction takes place and the
final combustion temperature remains at about 1500°K (far
below the calculated abiabatic temperature of about 3000°K).
Thus at low pressures, the entire combustion process is non-
luminous except for a weak radiation from the surface of the
propellant(57'58 . However, as the pressure is increased to
about 250 psia, ?5Yr§§h§7 gg?rply defined, luminous flame
suddenly appears reTe= . When it first appears, the
luminous flame is about 15 mm from the surface and being so
far away, it has no noticeable effect on the burning rate.

As the pressure is increased still further, the dark zone
shrinks and the luminous flame moves closer to the surface.
Crawford, et. al. (51) have_found that the length of the dark
zone is proportional to p'3, while, for 2 ilightly aifferent
propellant formulation, Heath and Hirst have found that the
length varies as p
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At high pressures, the luminous flame eventually moves
so near the burning surface that it_becomes a controlling
factor in the burning rate. Reid (57) has estimated that
heat feedback from the luminous flame starts to become im-~
portant around 500-600 psia. The effect of the flame can
sometimes be noted by a change in the slope of the steady
state burning rate curve.

The dark zone is apparently a region in which a criti-
cal concentration of active particles is built up, after
which a nearly instantaneous branched chain reaction takes
place (luminous flame). Consequently while the dark zone
becomes very thin above 1000 psia, there is no reason to
believe that it ever vanishes entirely. Finally, ignition
tempera?gf? measurements by Tajima, et. al. (54) ana Crawford,
et. al. have indicated that a double-base propellant
ignites at about 500°K. Surface temperature measurements
by Crawford g?t. al. (51), Klein, et. al. (52), and cotton
and Austin(s , have been reported between 500°K and 1000°K.

B. 'The Quasi-Steady Approximation for Double-Base Propellants

Before cdescribing the model for non-steady burning of
double-base propellants, it is necessary to again review the
applicability of the quasi-steady approximation for the gas
phase. This review is especially necessary in view of the
relatively thick reaction zone in double-base propellants.
Using an overall flame thickness of 15 millimeters (taken
from the previous sub-section), and using a steady state
burning rate of .5 in/sec, we obtain a gas residence time of
about five milliseconds in the reaction zone. For such long
residence times, the validity of the quasi-~steady approximation
begins to become questionable. However, this flame thickness
includes the luminous flame. At low pressures (where the flame
reaches this 15 millimeter thickness), the luminous flame is
insignificant as a driving mechanism for the combustion process.
The fizz zone thickness is a more appropriate measure of the
characteristic time of the gas phase reaction. Consequentiy,
using a thickness of one millimeter (again taken from the pre-
vious subsection) for the fizz zone, we obtain a residence
time of 0.5 ms. This time is fast enough to justify the
quasi-steady approximation (depressurization times for dcuble-
base propellants are on the order of ten milliseconds).

At high pressures, the luminous flame does become important
in the combustion process of a double-base propellant. However,
in order for the flame to feed a significant amount of heat
back to the solid, it is necessary that the flame move very close
to the surface. We make the approximation that when the luminous
flame is so near the surface that it adds significant heat to
the surface, it is thin enough to be assumed quasi-steady. Con-
versely, at low pressures, where the flame moves away from the
surface, it is no longer important in the burning process so
that the gquasi-steady approximation can be based on the thick-

ness of the fizz zone alone.
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In our theoretical model, we will always include the
luminous flame in our descriptio. of the ccmbustion process.
In addition, we will always assume that the entire flame 2zone
1S quasi-steady, but this is not in disagreement with the
statements in the above paragraph for the following reasons.
At pressures below 500-60C psia, the heat feedback from the
luminous flame is negligible (less than 0.1%) in our model,
consequently, at low pressures the luminous flame has no
effect on the transient burning rate so that the actual
method which is used to describe them becomes irrelevant.

We are in effect applying the quasi-steady approximation
to only the fizz zone.

C. Combustion Model For Non-Steady Burning of

Double-Base Propellants

As previously indicated, the physical description of
the combustion process in double-base propellants is not as well
documented as is the burning rate process for composite solid
propellants. Because of this, our double-base theory should
be considered as preliminary and should be revised and up-
dated as more detailed kuniowledge of the flame structure becomes
available. The theory we shall ?se is basically similar to the
one presented by Rice and Ginell 60), but it philosophically
follows the model for composite solid propellants which was
described in Section III.

We visualize the combustion process as being composed of
three exothermic regions; one inside the solid phase, one near
to the solid surface but in the gas phase (fizz zone), and one
in the luminous flame. For simplicity we approximate the sub-
surface reaction as being cecllapsed and occurring entirely at
the surface. We treat the fizz reaction as a pre-mixed flame.
As before, we approximate the spatial reaction rate in this
gaseous reaction zone by a delta function. Note that the approxi-
mations for the sub-surface reaction and the fizz reaction are
mutually consistent (all reaction occurs at the highest tem-
perature). The actual "thickness" of the fizz zone (i.e. the
distance of the delta function from the surface) is to be de-
termined from steady state data in a manner analogous to that
used for composite propellants.

Because of the heat release in the solid, this combustion
model predicts a steady state burning rate which is independent
of pressure in the low pressure region. The level of this
pressure independent region in the burning rate is proportional
to the amount of heat which is released in the solid. Steady
state burning rate data of double-base propellants frequently
exhibit such a plateau, and the magnitude of the sub-surface
heat release can be estimated from the level of this plateau.
However, in these preliminary studies, the split in the heat
release between the sub-surface reaction and the fizz zone re-
action has been arbitrarily picked as 25%/75%. (The total heat
release of the two reactions is known from experimental measure-
ments of the temperature in the dark zone.)
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Finally, we model the dark zone as having a length which
is an empirically determined function of pressure (only).
From Cra. ford's obiervations 31 , we take this function to be
proportlonal to p We visualize the dark zone as being a
region in which a critical concentration of a reactive species
is developed. BAas soon as this critical concentration is
reached, a chain rceaction occurs right at the end of the dark
zone and gives rise to the luminous flame. The biggest draw-
backs to this assumption are that the model requires measure-
ments of the length of the dark zone as a function of pressure
during steady state burning and, more fundamentally, that it
ignores the mechanisms which contribute to the length of the
dark zone. The justification for such a crude model is that
the luminous flame is oniy of minour importance at intermediate
pressures and that it will probably disappear altogether before
the pressure has dropped low enough to cause extinction. At
pressures above 1000 psia, the model is expected to become less
and less valid.

The mathematical description of the model is as follows.
First, since all the sub-surface reaction is placed right at
the surface, the equation for the solid phase is the same as
the one we used for composite propellants (see Section IV-B).
In non-dimensional form, the equation for the solid phase is

K R‘;e = ?.9
IX* oX 2T (24)

The quasi-steady approximation in the gas phase also leads to
the same equation as the one that was used for composite pro-
pellants. Both the fizz zone and the dark zone (plus luminous
flame) are described by similar equations,

L ] z
C
d Q_Q + Q&% =0 dark zone and
;ﬁ Cp 25 dx Agnt luminous flame (114)
B ?_f HF,}& S‘I!‘ “? P, cf - .
jx % )3 Rdx .}.".‘ 4 fizz zone (115)
In order to integrate the gas phase equations, we take
both e, and ‘:Flzt to be delta functlons. Thus we obtain
2 R(Xg-X;)
d‘g = —OR AP
= 23 dark zone and (116)
JX Tt luminous flame
and Cp Z’JX
+ ALy e-R & Ar 1 iz zone 117
)SJ [JX I, )’ FI!IR ( )

In order to determine the "thickness” of the fizz zone reaction,

~
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X3, we again relate it to a characteristic time

— As C ‘
XI = RTFiet P’/f" - -i,r 'c; R T;;;g (118)

We express this characteristic time as

<
;- A

1‘;- J_’-—
x! = 23 gep Eg; ( — - )
Ghiw T Tpm o oF [ BTz \ Trineng, | } (119)

where m 1is the order of the reaction, and A is an
undetermined constant. (Rice and Ginell (60) similarly used

a reaction of order m). However, for the length of the dark
zone, we use a slightly different approximation. We assume
the luminous flame occurs immediately at the end of the dark
zone, and we determine ﬁhf dark zone length, Xyj-Xjy, from
Crawford, et. al's data'® ’,

Xz - Xr = Lpark zove = K/P 3 (120)

The constant k is also determined from the same source to
be, k = 3.

The final form of the equations describing the heat feed-

back from the gas phase to the solid >hase of a double-base
propellant is

T
- 3 -RT;
A9 4")3 =[QRe 3R/PY Heies R] e Fizz
»d

Ap {121)
and
28) = 23 (Sif)
ﬁ)s,r ApldX 5,9 ~HsR (122)

The steady state burning rate curve is obtained by in-
serting the steady state temperature gradient inside the
solid, (d@/gX). .= 9. R . into the above equations to
give »e s

- 3 ' m/2
= = lo) Qe 3R/P+H9ig%) P . - 123
8, - Hs ATsien e L 57, ()] 2

fa3
Ae

A plot of this equation is shown on figure 51. Nominal values
have been assumed for all the parameters as shown on the curve.
3 As this figure shows, this equation predicts a constant burn-
ing rate at low pressures. At intermediate pressures the burn-
: ing rate behaves as P2, pat high nrsssures, the heat feed-

; back from the luminous flame wey.ns to become important ard’ .

4 the burning rate increases rapidly.
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D. Experimental Results for Double-Base Propellants

As indicated in the introductory remarks at the begin-
ning of this section, a small number of experimental de-
pressurizations have been made using double-base propellants.
Only one double-base formulation was tested. The particular
formulation which was chosen was gn ICRPG doupnle-base refer-
ence propellant. This propellant was purchased from the
Naval Ordnance Station, Indian Head, Maryland and carries
the designation N-5. The propellant is basically composed
of 50% nitrocellulose and 35% nitroglycerin. Complete
properties and specifications are given in reference 61.

The experimental methods and apparatus which were used
for testing the double-base propellant are identical to those
described in Section IV and Appendix I for composite propel-
lants. As discussed in Section IV, a photomultiplier was
used to monitor the visible radiation from the propellant
flame during a depressurization. The propellant was said to
extinguish if (and when) the flame radiation went to zero.
However, as indicated above, the luminous flame in double-
base pro.ellants disappears at pressures below about 250 psia-
the dark zone becomes effectively infinite in length at this
pressure. In our experiments, the photomultiplier faithfully
recorded this disappearance of the flame. Whether the propel-
lant extinguished permaznently, extinguished momentarily and
later re-ignited, or continued to burn, the photomultiplier
output went to zero and stayed there. As a result, the photo-
multiplier was of no use in determining which of these three
end conditions actually cccurred. Furthermore, re-ignition
and burnout following a temporary extinction in a composite
propellant always produced a noise which was loud enough to
be heard audibly, and so served as a second method for identi-
fying runs which extinguished temporarily. However, the re-
ignition and burnout of the double-base propellants could not
be detected audibly. Consequently the only way to positively
identify which runs extinguished, was to actually observe pro-
pellant remaining in the combustion chamber following a de-
pressurization. That is to say, the only extinctions which
could be detected were permanent extinctions; it was impossible
to discern between transient extinctions and runs which con-
tinued to burn.

The experimental results for the doubl:-base propellants
are shown in figure 52. 1In order to allow easy visual com-
parison with the results for composite propellants, the double-
base results have been plotted on the same scale as were tha
results for the composite propellants. Those points for which
the final outcome is uncertain (i.e. temporary extinctions and
non-extinctions) are indicated by semi-darkened symbols. De-
spite the many inconclusive runs, a sufficient number of runs
extinguished permanently to prove that this double-base pro-
pellant is much easier to extinguish than were any of the com-
posite solid propellants which were tested.
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Since the only points on this plot whose outcome is
definite are the runs which extinguished permanently, the only
experimental "extinctior boundzry" we can draw is a boundary
between permanent extinction and non-extinction plus extinc- -
tion followed by re-igniticn (i.e. a boundary like those
drawn by Jensen (4)). The Gata scatter which is shown on this
figure 1f representative of the apparently random way in
which re-ignition occurred throughout the entire experimental
program (for both double-bass and composite propellants).

As we discussed in Section III, this scatter is due to vari-
ations in the re-ignition process, not the depressurization
process.

E. Theoretical Predictions for Double-Base Propellants

As seen in the previous sub-section, the experiments with
double-base propellants have only been adequate to ascertain
the qualitative conclusion that double-base propellants are
easier to extinguish than are composite propellants. Our aim
is to use our theoretical model for double-base propellants
to show this same qualitative result, namely that double-base
propellants are easier to extinguish than are composite pro-
pellants.

With this in mind, we have chosen numinal values for the
rarameters in our equations as shown on figure 51. The steady
state burning rate which corresponds to these values of the
parameters is also shown on figure 51. This burning rate curve
is similar in shape t? the burning rates which were measured
by Crawford, et a1, (1)

The theoretical extinction boundary for this double-base
propellant is shown in figure 53. Exponential pressure-time
curves have been used to obtain this extinction boundary. For
comparison, a similar theuretical extinction ".oundary for a
composite propellant (which is essentially 80%/20% PBAA) is
also shown on this figure. This graphically shows that the ex-
tinction predictions for double-base propellants do have the
gqualitative agreement with our limited experimental results
which we had hoped for. The data definitely show that double-
base propellants extinguish more easily than composite solid
prcepellants.

This then represents another justification for one of the
ideas which we have tried to put forward in this thlesis: aa
accurate physical description of the flame is necessary if one
is to obtain accurate transient (in this case depressurization
transient) predictions for a solid propellant. The difference
between the extinction characteristics of double-base and com-
posite solid propellants can only be explained in terms of the
differences in their flame structures. For example, the theories
of Von Elbe and Paul, which were discussed previously, predict
that as the steady state burning rate of a propellant increases,
the propellant becomes more difficult to extinguish. The degree
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of difficulty increases as the square of the steady state
burning rate. Thus their theory predicts

bondlt 4
(E;falltﬂ“lt ~ ga;;

The burning rate of double-base propellants is generally
considerably higher than that of composite propellants. Con-
sequently these "non-dimensionalization" theories would pre-
dict that @ double-base propellant is more difficult to ex-
tinguish than is a composite. This prediction is qualita-
tively in the wrong direction. The reason for this incorrect
prediction is that they did not include the flame structure
in their theoretical models.
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SECTION VIII

SUMMARY AND CONCLUS IONS

In the preceding sections of this thesis, we have deve-
loped separate theories to explain the depressurization trans-
ient in both composite propellants and in double-base propel--
lants. We have also presented experimental results which shcw
the extinguishment characteristics of both types cf propellants
and which serve to provide a test for the thecretical m-iz1s.
Most of the work which is reported in this thesis pertains to

composite propellants; a lesser amount pertains to double-base
propellants.

In the experimental program for composite propellants,
the extinction characteristics of several families of propel-
lants were determined through extensive testing. Sufficient
experimental data were obtained to determine the boundary be-
tween the region of extinction and the region of non-extinction
for each individual propellant formulation. A corresponding
theoretical boundary was then determined from the theoretical
model. The accuracy of the theoretical predicticns was chec™e:l
by comparing the theoretically predicted boundaries with the
experimentally determined boundaries. In order to obtain mean-
ingful, quantitative agreement between thecry and experiment,
the actual experimental pressure-time curves were uscd as the
forcing functions for obtaining the theoretical predictions.
The comparisons showed that the predictions for the effect of
changes in the propellant oxidizer loading and for the effect
of changes in the oxidizer particle size are in excellent
agreement with the experimental results. The pred.ctions for
different fuel binder types are alsc¢ satisfactory, but are
not as exact as the predictions for the first tvo sexies. The
propellants for which the theoretical predicticng begin to de-
viate from the experimental results are, in general, those
propaliant formulations for which the steady state theoxy (on

which the depressurization model is based) Legins to vreak
down.

The experimental testing which was done with double-bhase
propellants was only sufficient to indicate that double-lase
propellants are considerably easier to extinguish than are
composite propellants. The corresponding thcoreticai predic-
tions for the double-base propellants agreed with this quali-
tative experimental observatior.

In our theories for both composite and double-base pro-
pellants, a quasi-steady approximation has been used to analyze
the gas phase. It is this approximation which m2kes the prob-
lem tractable. In developing these theoretica. models, we
have been especially careful in the application of this quasi-
steady approximation. Other authors have used similar "quasi-
steady"” approximations, but they have frequently been less
careful, and have gotten into difficulties on this point.
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When the guasi-steady approximation is used properly, an ac-
curate physical description of the flame structure becomes
imperative. 1In most of the theories which mis-use the quasi-
steady approximation, the flame structure doesn't even appear
in the analyses. Consequently it is impossible for such models
to predict the qualitative differences between the extinction
characteristics of composite and double-base propellants which
we have observed experimentally, and which we have shown to be
due to differences in the flame structure.

Both of our theoretical models include as accurate a des-
cription of the flame structure as present knowledge allows.
In fact, it is only in the description of the flame structure
that our model for composite propellants differs from our model
for dovble-base propellants, and as noted above, our models
do predict the gqualitative differences between the extinction
characteristics of double-base and composite propellants. In
addition, our theoretical model gives accurate, quantitative
predictions for composite propellants.

Our depressurization model for composite propellants is
based on the granular diffusion flame theory of steady state
burning. The GDF tueory was originally chosen for use in the
depressurization analysis because extensive studies of steady
state burring have shown that the GDF theory more closely pre-
dicts the pressure dependence of the burning rates of a wide
variety of propellant formulations than does any other existing
steady state theory. Furthermore, the GDF theory allows us
to incorporate the two physical phenomena which are most import-
ant in the description of the gas phase flame; the model allows
for both the diffusional mixing of the originally heterogeneous
mixture of fuel and oxidizer, and for the chemical reaction
which fcllows the mixing.

A number of modifications to the GDF theory were necessary
in order tc apply it to the depressurization analysis, but the
critical test of the theory is in its ability to represent the
temperature dependence of the gas phase reaction rate. The
steady sta‘e formulation of the GDF theory originally included
a dependenc=2 on the flame temperature, however since the steady
state flame temperature is nearly constant (independent of pres-
sure), the actual dependence on the flame temperature had never
been tested - it was only a latent hypothesis. The depressuri-
zation results, on the other hand, are strongly dependent on
the temperature in the gas phase and the agreement between
theory and experiment incicates that the manner in which the
dependence on the flame temperature is incorporated into the
GDF theory is basically correct. Thus the results of our
transient analyses support t..e basic GDF postulate, namely
that the flame of a composite solid propellant is composed of
both diffusional and chemical reaction effects. Further, our
results indicate that the GDF theory yields an appropriate
estimate of the relative importance of these two effects.
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Previous results on the steady state burning of composite
propellanis have shown that, at normal rocket pressures, dif-
fusion is the most important process in the flame of a composite
so1id propellant. Our results have confirmed this, but they
have alsc shown that at the onset of extinction the opposite
is true; the extinguishment process depends strongly on the
chemical processes. A proper theoretical model should there-
fore include both of these effects.

Our results have also shown that it is inadequate to re-
late the occurrence of extinction to a single value of dp/dt
(the rate of change of pressure) at some point in the p - t
curve. We have shown that extinction is most sensitive to the
low pressure end of the p - t curve, but that the entire curve
must be considered if we are to obtain a proper solution to
the depressurization problem. These remarks apply equally well
to the steady state burning rate curve. Since the chemical
reaction rate is important in the extinction process, it fol-
lows that the low rressure end of the steady state burning rate
is also important in determining the extinction characteristics
of a propellant. This is because the effect of cremical kinetics
appears only in the low pressure portion of the burning rate
curve and not at the high pressure end where they are swampea
by the slower diffusion processes.

Both our experimental and our the..retical results support
the experimental findings of others . showing that more highly
oxidized propellants are more difficult to extinguish. Simi-
larly, propellants with smaller AP particle sizes are more
difficult to extinguish. The addition of aluminum (at coastant
oxidizer~to-fuel binder ratio) makes a propellant slightly more
difficult to extinguish.

Our depressurization model for double~base propellants
visualizes a flame which is completely controlled by chemical
reactions. Diffusion is unimportant in a double-base flame
because the reactants are pre-mixed on a molecular scale inside
the solid. At low and intermediate pressures, the combustion
process in a double~base propellant is almost entirely driven
by a region of concentrated heat release which occurs near
and irside the surface of the solid. The reaction which occurs
near the surface is referred to as the fizz zone. The luminous
flame is generally so far from the surface at these pressures
(or during typical depressurizations) that it is of little con-
sequence. We have approximated the stand-off distance of the
luminous flame from an empirically determined formula which
gives the length of the dark zone as a function of pressure
(only). Because of the minor importance of the luminous flame
on the extinguishment process, we feel this rather gross approxi-
mation is adeguate. We have represented the fizz zone heat
release by a delta function -- our approximation for a premixed
reaction.

Finally, some of the more important points which have
been brought out in this thesis are condensed and listed here
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in a very concise fashion. We have found:

(a)

(b)

(c)

(a)

(e)

(£)

(g9)

(h)

(1)

The flame structure is very important in determining the
extinction characteristics of a solid propellant.

The granular diffusion flame theory can be applied to the
depressurization transient. (For propellants having fuel
binders which do not melt readily, and which are not
strongly under-oxidized, and for propellants which do not
have very large AP particles sizes).

The depressurization results add further justification
to the granular diffusion flame moiel of the steady state
burning of composite solid propel.ants.

Although the steady state burning process in a composite
solid propellant is largely ccntrolled by diffusional pro-
cess~=, the extincticn process depends in large part on
the _.emical processes.

The entire p - t curve is significant in determining ex-
tinction, not just the raté of change of pressure at one
specific point on the p - t curve.

Similar to the above, the entire steady state burning rate
curve is important in determining the extinction character-
istics of a propellant.

Increasing the oxidizer loading, or decreasing the ammonium
perchlorate particle size in a composite propellant tends
to make the propellant more difficult to extinguish.

Double-base propellants are easier to extinguish than are
composite propellants. The difference is directly attri-
butakle to differences in their flame structures.

The occurrence of extinction depends primarily on the de-
pressurization rate whereas re-ignition is most strongly
influenced by the environment inside the motor. Temporary
extinction is a characteristic of a particular propellant.
Permanent extinction is a characteristic of not only the

propellant, but also the internal configuration of the
combustion chamber.
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THE ANALOG COMPUTER AS AN AID IN SCLVING
NON-STEADY BURNING PROBLEMS IN SNLID PRCPELLANTS

The analog computer has been used extensively in certain fields,
however, to date, its use in the field of solid propellants has been
rather limited. This appendix describes the feasibility of applying
the analog computer to the solution of non-steady combustion problems
in solid propellants, and it represents the author's initial results
in the research program that eventually led to the study of the ex-
tinguishment characteristics of solid propellants.

A. Fundamentals of Analog Computers

The basic element of an electronic analog computer is the opera-
tional amplifier, This particular amplifier is so named because of its
ability to perform the operations of addition, subtraction, irtegration,
and differentiation, This ability to perform the operation c¢f inte-
gration represents the one great advantage that the analogue computer
enjoys over the digital computer. A digital computer cag perform the
operations of addition and subtraction only. 4illman (74 gives a good
description of the operational amplifier.

The basic operational amplifier consists of a high gain amplifier
with a common ground between the input and the output, and with an
eaternal feedback loop. The impedance which is placed in this feedback
loop serves to determine the computational function of the amplifier,
i.e., whether it adds, integrates, or etc. A typical operational
amplifier is given in the circuit below

AMAZE

e—'% Circui? for o
12; Agjf\\\\ Operational Amplifier

T — i 1, \° 1

€in Sy c,

| ! }

———
-

In this circuit the amplifier has a gain - A as noted (the negative sign
jmplies that the output is 180° out of phase with the input). Amplifiers
which are used in analog computers are chosen to have high open circuit
gain, and very sme¢ . grid {base) currents. Typically, the gain, A,

is of the order of 10, and the grid (base) current, ib , 1s of the order
of 1077 amps.

Currents, voltages, and impedances are noted on the above circuit.
The input impedance is labeled as 23 ; the feedback impedance is ¢ .
These impedances are, in general, complex. Corresponding currents are
iabeled by l7h , fg and i, ( i, represents the grid, or base current),
while the voltages are labeled by the letter @ (€, represents the
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output voltage), Voltages are measured with respect to the common
ground.

From Kirchhoff's laws, we find the relation between the three
currents,

Tn + g T 14 (1-1)

and using Ohm's law,

: _ Cin-€ €. - C:’ ~

g = =5—3 + =0 (1-2)

Zr Zs
where we have used the fact that the grid current, lg » 1s negligibly
small. From the definition of the amplifier gain, we have €= -Ae,
so equation I-2 becomes
en+ €, /A + &t €/A ~ o (1-3)
ZI 2;

or,

o = _ y Y2, L7
o [(""/A)z, +A] (1-4)

and for A} (as it is tor typical operational amplifiers) we
have

e, =~= €in (1-5)

This is the basic equation for the operational amplifier. It states
that the relation between the input voltage and the output voltage is
deotermined solely by the ratio of the feedback impedance to the input
imjedance.

Let us now consider some special cases of the operational ampli-
fier. All of these special cases are obtained by using different
feedback impedznces, or different input impedances. First, consider
the case where both the input impedance and the feedback impedance
are purely real and are equal in magnitude, i.e., consider the case
where they are equal resistors. Then

ZI:RI ) Z;=R;

and, taking
Rz = Rg

we have

Cor= - -R'S*t- €in = - € (1-6)
13
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Thus when the input impedance and the feedback impendance are resistors
of equal magnitudes, the operational amplifier performs a sign change
only. Such an amplifier is very useful and is given the name, "inverter".
The circuit and programming notation is given below

Rs

AN INVERTER
—-/we:w._ Cin E “<in
Cin €, . )
Circuit Diagram Programming Symbo

(Note that for simplicity, the common ground has been left out of this
" cuit as it will be for all later circuits.)

As a second case, let us return to our original circuit and modify
it so that it has several input impedances. Thus consider the circuit

e — 2
F - 3
‘ | ~=> e A Operational Amplifier
' « with multiple Inputs
2. ‘'f
e;—-w———
Ig=—> __’/\.>
H Iin 63’ is e,
[ 3
Zn
E—MMe
v —>
As before, Kirchhoff's law gives
Iim +1s =19 (1-7)
but we ai1:o have
1, + Iy # = + ih = Ay (1-8)

S0

B4 ig#t -+l #15=19=0

(1-9)

Again using Ohm's law. we have
; e,-6 4 €:-C , €3- eg 4 + 88 4 €€ ~p (1-10
2:, 21 Zs 2.. Z; )
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and taking e,:' co/A, we find, after some algebraic manipulation

Zs Zs Zs . g

> - 2 + = + =f +'-+Jel I-11
€. [Z.e. ztet 2383 = " ( )
If we now choose &= Tz = &3 = -« = Zn=25s =R

(i.e. choose all input impedances and the feedback impedance to be re-
sistors of equal magnitude), then we have

€ =-lete,+€3+ + €] (1-12)

This then gives us the operation of addition. Such an auwplifier with
multiple inputs is referred to as a summer. 1Its circuit and pro-
gramming symbol are

—- M-
SUMMER
| oUMMLR
L ——
e AN A ] e
—_—]
Circuit Diagram Programming Symbol

Subtraction can obviously be performed by combining a summer and an in-
verter.

Returning again to our single input impedance, and its governing
equation I-5, we now consider the third case where both the input im-
pedance and the feedback impedance are purely resistive, but where
they are not equal in magnitude. Specifically, we take the case where
the ratio of their resistances is given by RF/RI" K, where K is
a constant. Then from equation I-5, we have

e, =~ K€, (I-13)

Thus, this combination of input and feedback impedances gives, not only
a sign change, but also a multiplication by a constant., The programming
symbol for this is

K

N
e L~ -ke,

In commercial analog computers, this constant K generally has the value
of 10, or 0.1, i.e., generally, it scales by a factor of 10 (either up or
down). The extension of this to multiple inputs is obvious.
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The multiplication of a variable by a constant can also be accom-
plished by means of a potentiometer. A potentiometer is a simple voltage
divider. Because of its passive nature (no energy source is included
ir a potentiometer) a potentiometer can only multiply by a factor, K,
which is less than 1.0. The circuit and programming symbol for a poten-
tiometer are

1\

Cin 4 POTENTIOMETER
€s .
4' 3 Programming Symbol

Thus, to multiply a voltage by a number greater than unity, an opera-
tional amplifier must be used. Potentiometers are used for multiplica-
tion by constants less than 1.0. However, to multiply a voltage by a
specific constant, say 2.36, the normal procedure is to use both a
potentiometer and an amplifier. The potentiometer first multiplies the
voltage by .236; the amplifier then multiplies this result by 10.0 to
get the desired 2.36 multiplication.

In order to obtain an integrator, we must use a reactive component
in our operational amplifier. The -~urrent through a capacitor of ca-
pacitance €, 1is given by

. dec
b= = dt (1-14)

Where C is the capacitance of the capacitor in farads, and €¢ is the
voltage drop across the capacitor. We have labeled the current through
the capacitor as {§ , in anticipation of placing the capacitor in the
feedback loop as shown in the following circuit.

C
1t
‘T " INTEGRATOR
elh eo
Emn ’QE A/N\\\\ s
—_— — e Programming Symbol
Iin S ‘s °

Again, Kirchhoff's law gives

lint s=19g=0

or e - € L e ‘:(:,—es} ~ o (I-15)
Rz

Taking @4 = -Aea R A>> /, we have
.o de (I-16)
e =Rl ¥
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or

t
l . s
€, = RzC ‘yo L= dt rVO (I-17)

where V; is the voltage (i.e., stored charge) on the capacitoer at
time zero. Consequently, we see that the output cf an integrator is
indeed the integral of the input.

This result can also be obtained directly from equation I-5. E%press-

ing the capacitor in terms of its complex impedaice, 3;: Vud , we
have

€ = ~€h [(wRLC) (1-18)

where Z,'& Rr . This relation is obviously the Fouriev trancform for
the integral of the input voltage.

As indicated above, the initial condition in the integration is repre-
sented by the charge which is stored on the capaciter at zero time.
Integrators orn commercial analog computers commonly have a special
circuit which allows the operator to pre-set the initial condition for
each integrator by charging each integrating capacitor to a selected
initial voltage. This initial condition is denoted ir the programsing
symbol for an integrator as shown below

Vo

Integrator with é?

. €o
Multiple inputs

k3

Fer generality, we have shown multiple inputs on this symbol. It is
easy to show that an integrator can act as both a summer and an inte-
grator in one st=2p. For the programming symbol shown, the output
voltage, €, , is related to the input voltages by

t
eo.-:-‘[(e,-{'ez +63) dt "V° (1~-19)

One further interesting and useful characteristic ¢ integrators,
is their ability to ‘''time-scale" the problem. For instance, consider
a problem in which the actual process time is of the order of milli-
seconds (as is the case in our depressurizations). If the solution
to this problem is computed on so short a time scale, the operator will
have no time to observe events that occur during the transient. Con-
sequently it is advantageous to time-scale the problem so that the
solution is computed at a '"convenient” speed. (Note that in analog com-
puting, the programmer operates the computer and observes the computer
"solutions" as they are computed, by means of & cathode ray oscilloscope
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or a mechanical X-Y plotter. Consequently, he generally picks a time-
scale which is suitable for obtaining the information he is currently
seeking.) To visualize how the integrators time scale, we define a new
time variable T which is related to the real time, €, as

t=k, T
where X, is a const*nt. Then the integral in equation I-17 becomes
kT
/ ,
e°= RxC elh J(K;‘Z) + VO
]
or v
- K
€% Re ) CmdT +Vo i-20
[~}

Thus time scaling is accomplished by changing either the input resistor,
Rz, or the feedback capacitor, C. For instance if we use a new

capacitor € such that &€’s3¢/K, , then we have time-scaled the
problem by a factor, K.
The differentiating circuit is seldom used in analog computing, and will
not be discussed here. Let it suffice to cay that a differentiator can
be obtained Dy using a resistor as a feedback impedance, and a capacitor
as the input impedance.

Thus far, our discussicn of analog computers has concerned only linear
elements. Non-linear operations are achieved by resorting to approxi-
mations. One of the most useful approximation methods is by means of
variable diode functinn generators (VDFG). These devices can be used to
represent a general function of the independent variable x by a series
of straight lines. For example, the representation of the general func-

tion, § (X), is accomplished by the series of connected line segments
as shown below.

Representation of ——
a General Function

by Straight
Line Segments fCX)

X.

Generally speaking, the VDFG's have a capability of about 20 line seg-
ments. The slope of each of the segments is chosen by the operator, by

setting the output voltage at each break-point. The programming symbol
for these funccion generators is

variable Diode x fex)
Function Gen- —
erator
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One very important use of *the diode function generator is for multi-
plication of two variables. The break-pcints on the diode function
generators are pre-set by the manufacturer., Each multiplier consists of
two function generators, both of which square the input that tney receive.
Thus, to multipiy the two variables, x and y, the sum, x + y, is fed
into one funccion generator, while the difference, x-y, is fed into the
second function generator. The outputs of the two function generators

are (x+y)2 and (x-y)z, respectively, The desired product is obtained
by subtracting these two results,

xy = (Ya)[ (xen)* - (x-v)*] (1-21)

This particuiar type of multiplier is known as the quarter-scale multi-
plier., Various other means have been devised for multiplication on an
analog computer, but the quarter-scale multiplier is probably the most

widely used. {Karplus and Soroka (75 devote their entire Chapter 3 to the
subject of multipliers).

The programming symbol for a multiplier is

Multigliqg -XY

Other pre-set function generators which are generclly included on
analog computers is a function generator whose output is the logarithm
of its input. (Note that some variable diode function generators are
also generally available on a commercial analog computer. The variable
diode function gerzrators are set by the operator to approximate any
function as desired by the operator.)

Several good textbooks are available on the general theory of analog
computers. Among them azre references 75 to 79. All these references

include developments similar to the one given above (which most closely
follows reference 78).

B. Magnitude and Source of Errors in Analog Computing

Typical errors in an analog computer solution of a problem generally
run around 2 to 5%. For mcny situations, this accuracy is sufficient,
for other applications, it rules out the analog computer. Frequently a
problem can be split iato two separate parts, for example, if y is the
solurion to be found, let 4(t) = §(t) + N (t) where X (t) is an
algebraic function of a certain type which may closely approximate the
solution. Frequently physical systems suggest such a function. Thus from
the original equations and the boundary conditions a new equation for the
unknown function, M (t), can be determined. Thus if (for example) M (t),

is about one-half as large as X (t) in magnitude, an error of 3% in 7 {t)
will cause an error of only 1% in the final solution.
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The sources of the errors in analogue computing are varied. The approxi-
mations which are used for non-linear functions are one source ¢f error
Normally these can be kept to 0.1% of full-scale, or to an effective
level of abouc 0.5%. Most components have tolerances on the order of
0.1% of full scale, Note that if the feedback resistor and the imput
resistor in an inverting amplifier are not precisely identical, the
amplifier will multiply the input signal by a constant percentage (equal
to the percentage difference in the two resistors) as well as change ite
sign. Amplifier drift can also be a problem, although it can generally
be reduced to levels murl, lower than the other sources of errors by
proper use of chopper-stabilized amplifiers. Finally, noise and hum also
add their small bit to computing errors.

C. Solution of Simple Ordinary Differential Equations
on the Analog Computer

Ordinary differential equations can be solved directly on the analog
computer by exploiting its integration capabilities., When solving dif-
ferential equations, computer time corresponds to the independent variable
in the problem, and the voliages in the analog computer represent the
dependent variables. By using the time-scaliag property (discussed pre-
viously), solutions can bte obtained verv rapidly once the "program" has
been checked out. Time scaling is generally chosen so that a typical
solution takes abcut one minute on the analog. Because the operator
is actually at the console during the computacion, "turnaround” time is
inherently fast (when the machine is availshle}). Because the operator is
at the console during the time of computation, he is able ro observe the
effects of varistions in parameters in rapid order, and can often adiust
his computer runs accordingly. Many computers include the capability of
“"repetitive operation” which makes it even easier to observe the effects
of various parameters on the solution. During repetitive operatiomn, the
problem solution time is speeded up by a factor of from 10C-1000 {(by
introducing new feedback capacitors into the integrator feedback loops by
means of an internal circuit) and is calculated repeatedly many times
per minute. By portraying these repetitive solutions on an oscilloscope,
the operator can get a quick qualitative feel for the effect of changes
in certain parameters (see reference 78, pp. 241-247).

Because, as noted above, the analog computer is limited to inetra-
tions in one independent variable--machine time (which can be given a
one-to-one correspondence with any other independent variable, e.g.,
distance) -- the analog computer can solve only ordinary differential
equations, or systems of ordinary differential equations in a single in-
dependent variable. Solution of partial differential equations on the
analog computer can only be accomplished after all but one independent
variable has been broken down into a network of discontinuous intervals
by means of some sort of discretization technique. Such an operation con-
verts the partial different:al equation into a cmuapled system of ordinary
differential equations which can then be solved directly cn the analogue.
(Note that to obtain a solution on a digital computa2r, all independent
variables must be discretized so that only purely aigebraic eguations
remain.)

Before going into the solutjon of partial differential equations, let us
first consider the solution of a relatively simplie ordinary differential
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equation. Consider, for example, the solution uvf the ordinary differen- -
tial equation

T ’ 4
:‘i__} + .35 .‘.’2 * 1.57 3 = S w T (1-22) .
d ¢t ot :
where the forcing function, sin T , is available from a function

oenerator external to the analog computer,

We begia Ly drawing the programming circuit for this equation. In
so doing, we will use a very simple-minded approach, but the aim is to
iliustrate thc methcd for those who are not familiar with it., In draw-
ing the programming circuit, we first start by assuming that the highest
derivative, d%y /d¢¥ is available, and thea proceed to determine the
first derivative, dv/d¥ , and the function itself. In such a process,
one must be careful to remember that a siga change cccurs as in every
amplifier. We re-write equation I-22 as

-.‘.‘iﬁf: 353% +1.s79—$w'~uf

d <+ . {1-23)

Then we have

«%‘DQD;Z_ .,

so thet the three values v, y, and y are now "available". We now -

proceed to add the three functions together to give the second derivative
(see equation I-23).

-sin wl

~'\ "; ! -9

i

Important facts to ncte are that we must us. an inverter to obtain "+y".
Alsc, to obtain a multiplication of 1.57, we have scaied down by 1.,57/2
in a potenticmeter (note 1.57/2. is less than unity as is required in a
potentiometer) and then we have fed the same input into the first inte-
gratur twice using two separate input resistors. This gives the required
gain. To obtain ".35 y" we simply rse a potenticmeter set at .35. The
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forcing function, =sin wt, is assumed to be available externally.

Finally we specify initial conditions and include them in our pro-
gram circuit. For example, take

g€ = 3.0 yYco) =0
Then we have
+10
'5 0.0
~snwt
— +Y -Y

Note for a zero initial condition, the lead-wire can be left out. The
capacitor needn't be shunted to ground.

In actual practice, simple forcing functions such as sinusoidal
functions need not be obtained from external sources. They can be ob-
taine¢ Srom solutions of appropriate differential equations. For example

the equation
..+‘0g“=o (9(_0):0
g J ° ( =1
9 °) (I-24)

has the solution

4+) = 5/;7 w t
g( ) (1-25)

Yence tnis simple forcing function can be geunerated by the circuit

g:SI}y Cdt
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It is similarly easy to generate exponential functions, error functions,

etc. Power series in time can be generated by successively integrating
a constant voltage, tor instance,

T 3
a -al fat -édt

Finally, a transformation of variables is frequently helpful in pro-
gramming. To evaluate the integral beiow, we can use a transformation

fvd)(“fg d2 g¢

(1-26)

(Recall an analogue computer can only integrate in one independent
variable.)

D. Solution of the KISS Model on the Analog Computer

The KTSS model, which is presented in reference 43, was programmed
for the analog computer by the author as the beginning part of his re-
search program. A considerable number of analog computer solutions were
obtained for sinusoidally varying pressures, and for exponrentially in-
creasing pressures. In general these results agrecd quite wel. with
digital computer results of the same problem (within 5%).

The particular analog computer that was used, was an Electronics
Associates, Inc. PACE TR-48 Model computer. This is a small computer
as analog computers go. The TR-48 included the following components;
42 amplifiers plus 16 integrators, 6 multiplier, 4 variable diode
function generators, and 4 logarithmic function generators. This com-
puter has repetitive cperation capabilities.

The equations in the K1SS model which were solved on the analo
q g

are
6 , r2 = 29 osx<& o
Ixz o P (1-27)
- Ro X%
©(x,0) =& e

ecm t)= 0
e = - (F;n/m ) ‘Ln (1-28)

(o)
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The auxiliary pyrolysis realtion is

m
R =6 (I-29)

where m is a constant, Because the number of components was the most
stringent restriction on the TR-48, the pyrolysis relation was replaced

by
R= Ae

a Ss
(1-30)

vwhere A and a are two constants which were chosen so as to most
closely represent equation I-29. By using equation I-30 as a pyrolysis
relation, the logarithmic function generators could be used directly.
An alternative approach would have been to use the variable diode func-
tion generators, but this would have required carefully setting the
VDFG's each time the analog was operated.

The first step which must be taken before programming equation I-27
on the analog is to discretize the partial differential equation into a
series of coupled ordinary differential equations. However, my initial
programming efforts indicated thst only a very small number of "slabs"
in the solid phase could be accomodated on the small TR-48 analog. Con-
sequently a transformation of variables was used so as to make the tem-
perature profile in the solid as nearly linear as possible in the trans-
formed coordinates. With a nearly linear profile, a small number of space
increments could still give relatively accurate approximations for the
spatial derivatives. The particular transformaticn that was chosen, was
to define the new spatial ccordinate, Z, as

z=e % (1-31)

under this transformation, equation I-27 becomes

k4 -
2* 29 4 (i-p)e 26 = 29

2 37T

This is the equ “ion that was eventually programmed for the analog com-
puter. The boundary conditions I-28 tacome, under this transformation

Ocz,0) = s z "

@co,t) = O o
30 (1, ¢ = BT HIE 4+ HR
Je r

o< 24l (1-32)

(1-33)

To reduce the partial differential equation, I-32 into a series of
coupled ordinary differential equations, a discrecizacion technique was
applied to the spatial derivatives. The resulting ordinary differential
equations are of first orcer in the independent variable, time. Each of
these ordinary differential eguations desctites the time history of the
propellant temperature at a particular point in space. The coupling be-
tween the equations at each point in space brings the spatial effects
into the problem. The resulting differential equations are of the
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form

zi &/':-:—29:‘ *9]'—[ +(I‘R) Z,’ 8[}1-8/“1 - d&/

- e———

‘ (az)? 2422 dt

(I-34)

and in general there are N such equations. As can be seen, eacn
equation is coupled to the one on either side of it. The cold end
boundary condition specifies the temperature at Z%) for all time

(see boundary condition, equation T-33). Thus the first equatic.a would
be for the first interior point (starting from the cold end). (f we
designate 8(0)<8; and O6€a2) =&, , we have

d8i _(0,-28 +60) + (1-R) L (6,-8
dt (67_ 1 Tt O) (’ )2 2 0) (1-35)

where %,2428%. . Since O =0 this becomes

3% = (6,-26,) + (I-R) &/2

Thus, the cold boundary condition is very simple to include.

At the hot end, the equation had to be treated somewhat different-

ly. We denote the surface temperature &€/) = @, . The equation
for the surface temperature is
37'5) 20 = a_g
o~ +(1-R) 2
z (a 3= ( 2T 9T/ (1-36)

The first derivative term is simply our boundary condition, equation I-33,
so there is no need to use finite difference methods on this term. We
simply replace it by the required boundary condition. The second deriva-
tive still poses trouble. If we apply the centered finite differences
to it, we introduce the new unknown, 8u,,; (which represents the tempera-
ture one space-stcep outside the solid phase, i.e., in the gas phase).
Consequently we use a non-centered difference approximation for this
derivative, but since all our other spatial difference approximations are
of order (4%®)* 1in accuracy, we must take care to use a difference
formula for this end condition which has similar accuracy. Reference 79
gives such a formula, on page 324,

d6y _ _26w- 59w + #On-2 ~Ou-s
Jdazt Qag)* (1-37)

Combining these two special features, and ncting that Z sA42 = s
the differential equaticn for the Nth temp-rature (the surface temperature)
is N, W

(-
JGN _ Nz(28~ - SGN—I + 4’5",,1’8”_3) +(""R)N[L___,_H)+HR
Jt = R (1-38)
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Aiter the spatis® coordinate is broken up into N lattice points,
with an ordinary di{ferential equation describing the time history of
the terpera~ure of each lattice point, the equations are prcgrammed on
the conputer and are solved in parallel, That is tc say, all N equa-
tiong are s;nlved simultaneously by the computer. The solution for the
N equaticns thon marches forward in time, in & process very similar te
the physical process. 1In the physical process, the "solution®" (i.e.,
the actual experiment) 'marches forward" in time for each "slab" in the
propeilant, except that in nature, the slabs are infinite in number and
infinitesimal in thickness (i.e., nature really deals with the distri-
buted parameter problem, not the luamped parameter approximaticn). This
physically justifies our reasons for discretizing the spatial coordinate,

If the time variable were ciscretized, the resulting equations would
be second order ordinary differertial equations in 2. This would give
equations of the form

. : g -1
2 438, iy d8° _ 81 _g”
2 I +U-R)Z 75 ~ 5 87 (1-39)

which is analogous to the equations which were used for the digital com-
puter solution. However, the solution of this set of equations, I-37 must
be obtained by serial meaps. GSpecifically, given the initial cornditions,
8°(Z), the solution for @ (Z) can be found, etc. This procedure does

not lend itself to an analog computer which is basically a parallel
machine. A complete discussion of this problem is given in a very read-
able form in Chapter 16 of reference 77. From a stability viewpoint,

the parallel integration procedure of equation I-34 is always computa-
tionally stable.

The circuit diagram for the parallel method of integration of the non-
steady burning equation (equation I-34) is given in figure I-1 for one
lattice point in the spatial coordinate. FEach lattice point in the solid
requires a circuit similar to the one in this figure, i.e., each poiat
requires one multiplier and one integrator plus several amplifiers ard
potentiometers. But the TR-48 analog contains only 6 multipliers as was
stated previously. This sets ar upper limit on the number of lattice
points that can be zcromodated in ire simulation of the solid propellant
equaticns. The boundary condition between the solid phase and the gas
phase, equation I-38, also requires a multiplier. The circuit for this
particular lattice point, the point on the burning surface of the pro-
pellant, is shown in figure I-2, Thus, because of the limitation of the
number of multipliers which is available on the TR-48, only five lattice
points cculd be programmed. This is really not sufficient to obtain an
accurate solution of a partial differential equation, but some suprisiagly
accurate results were obtained as is shown in the next section.

This points out the most severe limitations of the analog computer.
Because it solves cquations in a paraliel fashion, the maximum number of
equations which can be simultaneously solved, is limited by the size of
the analog computer. The actual size limitation imposed here is some-
what artificial in that the TR-48 is a small analog computer. A more
typical analog (in terms of aumber of components) is the Model 680 which
is also manufactured by Electronics Associates, Tnc. This computer is
classed as a "middle-size'" analog and contaiprs 156 amplifiers and 24
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multipliers. Electronics Associates' "large'" analog, the Model 8800
contains 224 amplifiers and 46 multipliers. Our non-steady burning
problem would, therefore, easily fit on the middle-sized computer, how-
ever, there was none available at Princeton at the time the analog com-
puter work was done.

E. Typical Analog Computer Results for the KTSS Analysis

Some typical results which were obtained on the analog computer are
shown on figure I-3. The pressure forcing function which was used for
this data 1s an increasing exponential,

_ R
P=/+4P (|-¢e %) 1-10)

where 7 is the non-dimensional time, and P is the non-dimensional
pressure. The pyrolysis expression that was used was of the form

R=6"

with M=6 as indicated on the figure. The value c¢f 4f which was used
was 2.5; the non-dimensional pressure increascd exponentially from
P=1.D to P=3.5. Various values of the surface heat release parameter
were used as indicated on the figure. The steady state burning rate was
given by

”n
R= FD (1-42
with the index n=.5.

A comparison of some of these results with digital computer solutions
of the same equation are shown on figure I-4. As can be seen, the analog
results are qualitatively correct but larger errors appear as the surface
heat release parameter, H, is increased. The most probable source o1 these
errors arises because only five spatial lattice points could be progrzmmed
on the analog for the soiution of the partial differential equation. This
probably overshadowed the normal compuving errors in an analog computer
in the solution of tnis particular problem. The digitsl computer solutions
were obtained by using 40 lattice points in the spatial coordinate. The
numerical calculation procedure that was used for these digital c?mputer re-
sults (and the results themselves) are taken from Krier's work (69)

A series of analog computer solutions were also obtained for an
oscillatory pressure forcing function. In general, these solutions were
about as accurate (as compared with the dig‘tal results) as the comparisons
on figure I-4.

F. Hybrid Computers

A third general family of computers in addition to analog computers and
digital computers, is hybrid computers. Hybrids (hopefully) combine
the best feztures of both anulog and digital computers. The analog
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computer lacks the ability to sto.ce information; it has no memory or
logic. By contrast, this is the digital computer's strongest asset.
The hybrid computer zonsists of both an analog computer and a digital
computer, joined together. The digital portion of a hybrid is used for
memory and logic; the analog portion is used for integration of dif-
ferential equations. Through its logic capabilities, the hybrid can
function as a sequential machine. This destroys some of the attractive-
ness of the analog, because parallel solutions are inhererntly more
similar to thr natural process than are serial solutions, and so pose
less problems of error propagation in the computation (i.e., computa-
tional stability is not a problem). However, by fuanctioning as a se-
quential machine, the hybrid greatly reduces the number of analog com-

puter components that are required for the solution of a particular
problem.

As an example of a particular application of hybrid computers, we
consider the analog circuit which is necessary for the solution of the
non-steady burning problem which was discussec above. The proper finite
differencing method to apply this problem to a hybrid computer is to
finite difference the timaz coordinate, giving equation I-39. For
reference, we re-write equation I~39 here, .

- - - PR
2"4:QJ+(1-R")?42}-— -Q-J-‘-"é"" I-43
d2* d2 47 AT (1-43)

The circuit diagram for this equation is shown on figure 1-5.

The computational scheme for equation I-43, goes as follows. At
the beginning of the computation, the initial condition, ©&®CZ)
stored in the digital portion of the hybrid computer. This stored
function is then converted to an analog signal and fed tc the analog com-
puter while the analog computer integrates across the spatial domain
(note that in this problem, the analog computer "time" corresponds to tle
spatial coordinate, Z) As the solution, &'C®) , is computed, it is
stored in the memory banks of the digital. Thus after the analog has
integrated across the spatial courdinate, Z, a new function, @ C®
has been stored in the digital portion of the hybrid. Consequently the
integration for © %®) can now be accomplished iu the same manner, using
the same analog components. Thus the components shown in figure I-5 are
the only analog computer components needed for the hybrid computer solu-
tion of this problem. The only functions the digital has to perform are
the storage of the function @9~IL @) , and the logical control cf the

analog, i.e., the digital computer has to tell the analog computer when
to integrate, how far, etc.

is

As can be seen, the hybrid computer is very attractive for the solu-
tion of partial differential equations. It still includes the time-scaling
abilities of an analog, which enable the operator, to a large extent, to
specify the computation time required for a solution.

It includes the
digital comprter advantages of stored memory and logic.
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APPENDIX IT*

ADIABATIC FLAME TEMPERATURES OF VARIOUS PROPELLANTS
AND HEATS OF FORMATION OF VARIOUS FUEL BINDERS

The adiabatic flame temperature calculations which were used in
the theoretical depressurization analysis were obtained with the aid of
a NASA computer program which is described in reference 82. In order
to calculate flame temperatures, the computer program must be sapplied
with the percentages of each propellant ingredient, the compositions of
each propellant ingredient, and the heat of formation of each propellant
ingredient. The numerical results for the adiabatic flame temperatures

are shown on figures II-1 te II-4. Figures II-1 to II-3 show the adiabatic

flame temperature as a function of the percent of ammonium perchlorate
in the propellant for three different fuel binders, PBAA, PBCT, and
polyurethane, respectively. The flame temperatures are shown at each
of several pressure levels. For the three binders, the PU propellant
shows the largest dependence of flame temperature on pressure. Note
also that the flame temperature becomes more highly dependent on
pressure as the per cent oxidizer (AP) is increased. The effect of
aluminum addition is shown in figure II-4. Here the flare temperature
is plotted against the per cent of aluminum in the propellant, and again
several different pressure levels are considered. For these calculations
of the adiabatic flame temperatures of aluminized propellants, the ratio
of fuel binder to ammonium perchlorate was held constant while the
aluminum was added.

When 2 computer program is available, the calculation of adiabatic
flawe temperatures is quite easy, however, the determination of the
properties of the propellant ingredients is not always as easy. The
composition of ammonium perchlorate is well-known, and its heat of
formation is readily determined from JANAF Tables (83). The various
fuel binder systems are much more complicated. Heats of formation
for the fuel binders were obtained by using bond energies (84). (The
structures of many solid propellant binder systems are given in reference
85.) To simplify the determination of the heats of formation, and to
improve the accuracy of the results, the heats of formation of various
"back-bone" polymers (such as polybutadiene) were taken from Flory (8u).
The accuracy of the heats of formation of the binders which were deter-
mined by bond energies is not known exactly. However, such calculations
generally lead to errors of several per cent. These are nevertheless
the best results which were available and I have tabulated them in
order that they may serve as a guide to future students. The
heats of formatior are tabulated on the next page.

* The author acknowledges the extensive help and the many suggestions
given to him in determining fuel binder structures and heats of
formation by both Mr. P. L. Stang, Member of the Technical Staff, and
by Dr. J. A. Steinz, former Fost-Doctorzl Research Assoicate.
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APPENDIX III

EXPERIMENTAL PROCEDURES

This appendix summarizes some of the procedures which were used in the
experimental part of the program.

A.  Procedure Used in Deprescurization Experiments

The combustor that was used for the depressurization testing, had
a circular :irss-section which was nominally 2 inches in diameter, and a
height of 1 1/2 inches. The combustor was made from stainless steel and
had a wall thickness of 1 1/2 inches. The walis of the combustor contained
quartz windows, through which the flame radiation could be monitored. The
windows were also used for the temperature measurement attempts which are
discussed later in this appendix. The propellant was situated in the
bottom of the combustor (see Figure 4) and had a circular burning area
which was just slightly less than the cross-sectional area of the ccm-
bustor. As indicated in the main body of the thesis, the sides of the
propellant sample were inhibited by casting the propellant into steel
cups.

Ignition of the propellant sample was achieved by means of a bag
of propellant shavings. Although uniformity of ignition from run to
run was ot of great importance in this experiment (because the depressuri-
zation did not start until after a steady state operating pressure had
been reached), the weight of propellant in each igniter was carefully
measured; one gram of shavings were used in each ignit r. This size
ignit r was large enough to give fast, positive ignition for all the
propellants tested, and it gave a minimum of pressure overshoot. The
igniter bags were made of very thin plastic. Ignition of the igniter
itself was achieved by threading a thin wire through the igniter bag,
and heating the wire by an electrical impulse.

The aluminum which was used for the burst diaphragms was obtained in
2 x 6 foot shests from the David Smith Steel Company. Aluminum type
3003- 0 was used for diaphragms of thickness .040, .032, and .025
inches. 1100-H14 aluminum was used for the .020 inch diaphragms (the
softer aluminum 1s not sold in sheets thinner than .025 inches). For
the burst diaphragms, the sheets of zluminum were cut into 3 :/2 inch
squares. Calibrations of the burst pressure for these diaphragms are
shown on figure III-1. This calibration is for a diaphragm with an
area (subjected to pressure) of about 2 3/4 inches in diameter. There
was a fair amount of scatter in the burst pressure from diaphragm to
diaphragm, but the doubie diaparagm apparatus made the experiment
insensitive to this variation. Generally speaking, the top diaphragnm
was chosen as one size thinner than the bottom diaphragm. This appeared
to give a better "break'" of both the diaphragms. As indicated in the
main text, the underside of the lower diaphragm (which was directly
expo' ed to the hot exhaust gases) was protected by a thin ccating of RTV
(room temperature vulcanizing) silicone rubber.

The primary (large) rozzles used in the experiment (to determin.
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the rate of depressuri-zation) varied between .117 and .750 inches 1in diameter.
The nozzles were made of copper and were 3/4 inch thick.

I conducting the experiment, the propellant and igniter were placed
in the motor, the motor was assembled, and the decired primary nozzle, second-
ary nozzle, and burst diaphragms were installed. The area between the
two diaphragms was then pressurized manually to within about 75% of the
burst pressure of the weaker diaphragm. (The diaphragms were chosen so
that the differential between the expected stealdy state operating pressure
and the pressure in the diaphragm cavity would be as near the burst
pressure of the lower diaphragm as possible. This ensured that the
diaphragms would burst rapidly and cleanly upon venting the cavity
between the diaphragms. That is to say, the diaphragms that were used
were chosen to be the weakest ones which would contain the expected
operating pressure.) From this point on, the sequencing of events was
done by a pre-set electrical timer. In the automatic sequencing, the
igniter was fired first, and a nomiral time of 100 ms was allowed for
the burning to reach its steady state operating condition. At this time,
the cavity between the burst diaphragms was ventec causing the diaphragms
to burst, creating the depressurization which was to be observed.

During the depressurizations, the flame radiation was monitored by
a photomultiplier tube. However, because of the combustion products,
the motor windows, through which the flame radiation was monitored,
became progressively more fouled as the burning time increased. Since
only a qualitative measure of radiation was desired, this "dirty window"
problem did not affect the measurement so long as some radiation could
get through the partially obscured window. For the more highly oxidized
propellants, the windows never became completely obscured. However for
the very under-oxidized propellants, the windows frequently became so
dirty that it vas impossible to see the flame. For such cases, it was
determined, by trial and error, that a plexiglass insert between the
flame and the quartz window, would apparently ablate sufficiently to keep
the window clean enough to see through, during the entire run. The
window remained cleanest when it was long ernough to protrude from the
wall into the burning zone. When the plexiglass insert became even
slightly recessed below the wall, the plexiglass surface would become
so covered with carbon, that the flame would become obscured before the
100 ms steady state operating time had elapsed.

B. Thermai Conductivity Mcasurements*

One important parameter in the theoretical analysis of the depres-
surization process, is the thermal conductiviiy of the solid. In fact,
the theoretical predictions scale linearly with the thermal conductivity
of the solid phase. In an attempt to eliminate this variable, we obtained
a thermal conductivity measuring apparatus from the Central Scientific
Company. A schemacic of this instrument is given in figure III-2. In

* The thermal conductivity measurements were done in their entirety
by Mr. S. L. Turk, Undergraduate Junior. A description of the method
used is included here for the sake of completeness.
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using this apparatus, a thin slab of solid propellant is placed between
the upper vessel and the lower insulated copper block. A thermal com-
pound was used on both faces of the solid propellant slab in order to
ensure good thermal contact. During the experiment, the upper vessel

is kept at a constant temperature of 100°C by boiling water. Heat passes
from the upper vessel through the solid propellant sample to the copper
block. The temperature difference between the upper vessel and the lower
copper block is monitored as a function of time by means of thermocouples.
Knowing the mass of the copper (and its thermal capacitance), the amount
of heat which was transferred through the solid propellant can be
determined (assuming there is no heat loss from the copper block to the
surroundings, and assuming that all the heat whi-h is delivered to the
copper block comes through the solid propellant sample). The thermal
conductivity of the sample can then be obtainec “rom a knowledge of

its thickness and its surface area.

This particular instrument is designed for use in demonstration
experiments in undergraduvate phveics, and its accuracy is limited.
However, the results obtained with this apparatus ‘;ere guite repeatabie
(about 2.5%). Hence it could serve as an efiicient comparative device as
described in the last paragrapk of this section. {Unfortunately, there
were no thermal conductivity 'standards' available to us, so we could not
use it in a comparative manner.)

Because of the inaccuracies of the instrument, we did not attempt to
measure absolute thermal conductivities of ail our propellants. Instead,
we merely attempted to determine the ratio between the thermal conductivities
vf the aluminized and unaluminized propellants. It was expected that the
various unaluminized propellants would have similar thermal conductivities
(within a few percent of each other), but that the addition of aluminum
would cause a fairly large change in the thermal conductivity. The
experimental measuremerts confirmed this. The difference between the
measured thermal conductivities of the unaluminized propellants was within
the repeatability of the instrument. However, the measurements showed
about a 35% increase in the thermal conductivity of the propellant when
15% aluminum was added. The approximation was made that the product

was the same for the unaluminized and aluminized propellants, and
that, therefore, the thermal diffusivity is also increased 35% by the
addition of 15% aluminum. In the theoretical predictions of extinction,
the thermal diffusivity of aluminized propellants was taken to be 35%
larger than thst of unaluminized propellants.

One of the best commercial sources of high-accuracy thermal
conductivity apparatus is the Dynatech Corporation of Cambridge, Massachu-
setts. Their cheapest mocdels sell for about $3,000. These instruments
are supplied with a series of some one-half dozen "standards" whose
thermal conductivities are known accurately. In operating these
instruments, one first obtains the signal output from the instrument for
each of the standards, and then plots this cutput as a function of the
known thermal conductivity of the standards. This serves to calibrate
tne thermal coaductivity instrument, and hence, it will measure the thermal
conductivity of unknowns by comparison with the thermal conductivities
cf knowns. Instruments which measure the sbsolute thermal conductivities
of substances are more expensive than this. For example, Dynatech also
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: manufactures a complete line of guarded hot plate instruments at
higher prices.

C. Attempts at Measuring the Fiame Temperature During the Depressurization*

The main text of the thesis presents a theory for the prediction of
extinguishment of solid propellants. The predictivns of the theory were
checked by comparing the experimertally determined boundaries between
extinction and norn-extinction with the theoretically predicted boundaries.

) If some parameter could have been measuied continuously during the depres-

. surization, it would have provided a much more sensitive check of the

theory than is presently available. W®itk 1h:is 1dea in mind, a considerable
amount of time was spent in trying to measure the transient flame temper:ture
during depressurizations by an optical technique. These efforts were not
successful, and the reason is simply that the windows became dirty during

the depressurization, thus destroying the accuracy of any optical

temperature measurement system.

e

The particular type of temperature measurement that(ggi attempted
was the so-called '"brightness-emissivity' method. Krier has discussed
this method in detail in his Appendix V, and shcws that this is one of the
most promising methods of measuring flame temperature with fast time
response. Because of this recent and thorough description, only an out-
tine of the method will be given here, the interested reader is referred
to reference 69 for details of the method. The description given here
will indicate 1 minor modification tc the brightness-emissivity method
which we developed, and will attempt to categorize the "dirty window"
problem

N TR LT 1 e s RTHVIMIMAGICRAG 3HAS AR MR

In the most concise form, the brightness-emissivity method measures *
both the brightness and the emissivity of the flame, and ther uses some
comparison standard to determine the absclute temperature of the flame.
; The brightness of the flame is measured by a simple observation of the
§ flame by a light-sensitive receiver. The sensitivity of this receiver
is calibrated by allowing the receiver to first view a radiating source
whose brightness temperature is known. The emissivity of the flame is
determined by measuring the percent of the radiation from some external
source that can be transmitted through the flame (see Krier's discussion).
In the usual brightness-emissivity method, the combuster is placed in the
line of sight between a tungsten strip lamp (or other equivalent source)
and a light-sensitive receiver. Two windows on opposite sides of the
sides of the combustor are placed so that light from the lamp can shine
through the combustor and to the receiver. Before an experimental rua is
to be made, the brightness temperature cf the lamp is measured by means
of an optical pyrometer, so that the brightness temperature of the lamp
filament is known. Then, before the combustion process, the lamp is
turned on and is used to calibrate the receiver. During combustion, the .
lamp is alternately turned '"off" and "on" (by a mechanical chopper bstween

R

* The author acknowledges the considerable contribution t» the work
described in this section that was made by Dr. David Fleischer, former
Member of the Technical Staff. During the course of this work, the
author was engaged in many interesting and stimulating discussions with
Dr. Fleischer ard his contributions, suggesciors and advice are greatly
appreciated.
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the lamp and the combustor). Thus when the lamp is turned 'on', the
receiver sees the radiation from the flame plus the fraction of the

lamp radiation that is transmitted through the flame. When the flame is
turned "off," che receiver sees only the output from the flame. Thus the
receiver signal is of the form designated 'chopper output" on figure III-3.

A modification of the chopper setup was used in the work done in this
research program. This modification was to use a polarized light source
and two receivers. A crossed polarizer (with respect to the lamp) is
placed in front of one of the receivers so that this recsiver can not
see the lamp radiation; it can only see the radiation from the flame,
but it receives the flame radiation continuously (in time). Similarly,
the second receiver sees the continuous output of the flame plus tLe
transmitted {poicrized) lamp (see schematic on figure III-4). The
output signal for this modification of the vrightness-emissivity method
is thus the envelope of the chopper output, as is shown on figure III-3,
and labeled ''polarizer output.' In a real situation, with an inevitably
noisy flame signal, and without completely "square" square-waves, this
offers an advantage in data reduction.

The flame temperature and emissivity can be determined from the
measurements of either of these set-ups. The same analysis applies to
both of them, except for the method in which the signal is recorded.

As indicated above, the prcblem in this temperature measurement
was that the windows in the combustor became dirty during the burning
process. It must be emphasized that the brigntness emissivity methcd is
independent of the transmissivity of the optical patk, so long as the
transmissivity remains constant during the experiment (or more accurately,
so long as the manner in which the transmissivity varies during the
experiment is known)}. However, when carbon is deposited on the combustor
vindows, the transmissivity changes by undetermined amounts.

Th< most obvicus way to overcome this ''dirty window' problem is to
keep the windows clean. The first observation along this line is that
the amount of carbon deposited c¢n the windows is 2 very strong function of
the type of propellant binder used. Polyurethane is, far and away, the
optimum binder to use for temperature measurement attempts {of the
binders test>d in this research work). PBAA is much worse. The reason
for this is probably that the polvurethane contains a relatively iarse
amount of oxygen (in the polyurethane, itself) as compared to the amcun:
in the PBAA binder. PBCT proved to have similar burning characteristics,
in this respect, to the PBAA. Cf course, increasing the oxidizer loading
to as high a 1level as possible (for example, using tri-modal ammonium
perchlorate particle sizes allows a slightly higher AP loading), greatly
decreases the amount of carbon that is deposited on the windovws.

As far as placing the windows, it appears that a window that is
flush mounted in the wall, or even protruding intc the combustion
chamber is optimum. If the window surface was recessed into the wall
by even the slightest zmount, a decided increase in the residue deposition
rate was noted.
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Another possibility for Keeping the windows clean, is to purge them
with an inert gas during the experimental f{iving. The sight glass
assembly shown in figure III-5 was designed for this purpose. This
sight glass was designed so that a constant mass flow rate of nitrogen
entered a manifold and escaped through a narrow annular slot around
the entire perimeter of the face of the window. Unfortunately, it appeared
that the 'recessed" effect (above) very nearly balanced the purging effect
of the nitrogen so that nothing was gained by using these windows (in
fact, the flush mounted windows might have been slightly superior to
the purged windows). Variations in nitrogen mass flow rate, and in the
height of the slot through which the nitrogen entered seemed to offer no
improvement. There was evidence that during ignition (when the charmber
pressurized very rapidly), reverse flow occurred in the sight glass so
that combustion products actually flowed through the annular slot designed
for the entrance of the nitrogen. (The volume between the choked orifice
which supplied the constant mass flow rate of nitrcgen and the annular
slot entrance to the motor was kept as smail as possible.)

Ore final method of surmounting this problem with the windows, but
which was not tested completely, is to keep the windows as clean as
possible, and measure the transmissivity of the windows as a function of
time. One potential method for calibrating how ''dirty" the windows are
at a given time, is to use a second light source (besides the one used
for temperature measurement) which radiates in a region of the flame where
the flame is dark, i.e., in a region in which the flame does not emit.
Spectroscopic work, accomplished in this research program, indicated
that such a dark region of the flame occurs around 5100K for a PU
propellant. (Note that the brightness-emissivity measurement must be
conducted over a very small wavelength region, ideally in a monochromatic
ranner. Normally the wavelength chosen is 890 R , the sodium D lines.
Light filters of less ..an 100A in width are normally used for the
temperature measurement. Frequently they are as narrow as SA .) If a
radiation source were used at this wavelength, and if it were very
bright in comparison to the flame emission (or absorpticn, if in
equilibrium in this spectral region, then a separate detector could record
the rate of decrease of this lamp signal due to the decreased transmissivity
of the windows. Then knowing the transmissivity of the optical path as a
function of time, and assuming that it was the same function at 4890
as 2 5100 A, one could calculate the flame temperature and emissivity
as the windows got dirty. It must be noted that this method has never
been attempted (to the author's knowledge) and that at best, it would
require very ca: ful, precise calibrations and experimental procedures.

D. Availability of Experimental Pressure Versus Time Curves for Tested
Propellants.

The experimental pressure versus time wepressurization curves.*ecorded
in this research program are available in tabular form as well as i1 thg
form of coefficients of a polynomial equation., The polynominal coefficients
were determined by the method of least squares error analysis. The curves
are pubJlished in a supplement, designated AMS Report No. 830-S, which is
available upon request.
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